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Thesis Summary 
This study was motivated by the observation that strains, when tested by 
pharmaceutical companies for their abilities to produce novel bioproducts, 
are invariably grown in high biomass, oxygen-limited cultures. Chapter 1, 
the Introduction, reviews the regulation of bioproduct synthesis, 
particularly the role of nutrient limitation, including oxygen, as an effector 
of biosynthesis. Chapter 2 describes the materials and methods employed 
in this study. 
It was discovered that vancomycin could not be produced in oxygen 
limited culture of Amycolatopsis orientalis (Chapter 3) and so any screen 
for new antibiotic based on oxygen limited shaker culture would be 
incapable of detecting antibiotic regulated in a similar way to vancomycin. 
Further developments of a miniature oxygen electrode (Chapter 4) assisted 
in this investigation. 
Previous work had indicated that many antibiotics are synthesised in 
response to the down-regulation of intracellular protein synthesis rate but it 
was established that down-regulation of protein synthesis rate in oxygen 
limited A. orientalis cultures followed similar dynamics to those in oxygen 
sufficient, vancomycin producing cultures (Chapter 7). So the explanation 
for lack of vancomycin production under oxygen limitation did not appear 
to reside with an effect of protein synthesis rate. This study was extended 
to cover combinations of oxygen and other forms of nutrient limitation 
(Chapter 7), a phenomenon often encountered in industrial medium 
formulations. It was demonstrated that oxygen limitation was able to 
eclipse the effect of the soluble nutrient limitation and repress the 
biosynthesis of vancomycin in a previously productive medium. 
The possibility that oxygen limitation had an adverse effect on energy 
available to support biosynthesis was investigated (Chapter 8). It was 
found that adenylate energy charge was affected by oxygen limitation but, 
perhaps, not sufficiently to account for the lack of vancomycin 
biosynthesis. 
Measurement of vancomycin biosynthetic capacity under oxygen limited 
and oxygen sufficient conditions (Chapter 9) was carried out in order to 
determine whether oxygen limitation prevented the production or 
expression of enzymes necessary for vancomycin biosynthesis or 
prevented them from functioning effectively. The findings concurred the 
latter possibility, and it was hypothesised that an insufficiency of 
vancomycin biosynthetic intermediates exists in oxygen limited cultures. 
These findings were related to a model screen for novel bioproducts 
(Chapters 5& 6). It was found that an array of defined nutrient limitations 
was needed to maximise chemical diversity of detected bioproducts and 
that oxygen limitation had a role as part of that array. Phosphate limitation 
produced the greatest diversity. A medium was also developed that 
provided nutrients in a slowly assimilated form, so that high biomass 
concentrations could be obtained without the occurrence of oxygen 
limitation. 
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1.1 Antibiotics, Society and the Future 
Antibiotic therapy has had a major impact on human health, and the 
industrial production of antibiotics has achieved considerable economic 
importance. Pharmaceutical companies currently expend significant 
resources on sophisticated research and development programmes in an 
attempt to discover new compounds with novel activities and targets. The 
search for new drugs has, however, been increasingly targeted towards the 
design of chemically synthesised molecules bearing a structural 
relationship to the effectors, substrates, intermediates or products of the 
biochemical reaction of interest (Wang & Walsh, 1978). However, such 
approaches have yet to unearth a product with the impact of naturally 
derived products. In instances where the reaction mechanism is unclear, 
then a screen of microbial metabolites has often provided an unexpected 
lead molecule (Nisbet, 1982). Secondary metabolites, including antibiotics, 
represent one of the largest and most diverse groups of natural products. 
Although the majority of these compounds are produced by 
microorganisms, they are also detected in a wide variety of organisms 
including higher plants and animals. The relative importance of the 
actinomycetes as a source of antibiotics can be seen in Figure 1.1. 
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Type of Producing Organism Approximate Number Percentage 
Bacteria 950 9 
Actinomycetes 4600 43 
Fungi 1600 15 
All Microorganisms 7150 67 
Lichens 100 1 
Algae 250 2 
Higher Plants 2500 23 
Animal Organisms 700 7 
All `Higher' Organisms 3550 33 
Total 10700 100 
Figure 1.1: The Number of Known Antibiotics in 1984, and the Relative 
Importance of the Various Taxa that Produce them (from Berdy, 1985) 
Interest in the actinomycetes as a source of novel bioactive secondary 
metabolites was initially stimulated by the discovery of the antibiotic 
actinomycin (Waksman & Woodruff, 1940). During the following three 
decades there was a significant increase in antibiotic discovery and 
production with pharmaceutical companies routinely screening naturally 
isolated actinomycetes for novel bioactive metabolites. Consequently, the 
number of newly discovered bioactive compounds rose rapidly. The early 
screening programmes unintentionally concentrated on organisms that 
could be readily isolated on existing media i. e. primarily members of the 
genera Streptomyces, Micromonospora, and Nocardia. These organisms 
grew rapidly on the traditional media, out-competing the more unusual 
groups of actinomycetes. The easily isolated groups were consequently 
studied very extensively, with the search for novel compounds becoming 
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increasingly difficult. With increased data available on actinomycete 
physiology, and the introduction of more sophisticated isolation and 
screening programmes, a more varied pool of candidate organisms are now 
studied. Such advances are of importance if we are to continue to supply 
compounds for use against drug-resistant bacteria, recalcitrant diseases, or 
for chemical modification. 
Genus 1974 1984 Genus 1974 1984 
Streptomyces 1934 3477 Streptosporangium 7 26 
Micromonospora 41 269 Actinomyces 0 19 
Nocardia 45 107 Pseudonocardia 0 8 
Actinomadura 0 51 Streptoalloteichus - 14 
Actinoplanes 6 95 Micropolyspora 2 7 
Streptoverticillium 19 64 Microbispora 4 6 
Saccharopolyspora - 33 Thermomonospora 1 4 
Figure 1.2: The Number of Antibiotics Produced by Selected Actinomycete 
Species. (from Berdy, 1985) 
The increasing attention shown to the rarer, less frequently isolated genera 
is illustrated in Figure 1.2. In 1974 approximately 94% of the antibiotics 
produced by actinomycetes had been produced by Streptomyces. Ten years 
later this figure had dropped to around 83%, with the `rarer' genera 
possessing much more of a share of the antibiotic market. 
Given the available resources, it is, perhaps, surprising that gaps exist in 
the array of available drugs for use in antibiotic treatment. There is an 
enormous, as yet under utilised pool of microorganisms, which, including 
the actinomycetes, are capable of producing a vast array of biochemicals 
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that are not easily synthesised outside the cell. The diversity of these 
compounds range from simple amino acid analogues to much larger 
macrolides, glycopeptides and glycolipids (Berdy, 1985). The large pool of 
naturally produced chemicals, not surprisingly, also display a wide range of 
biological activities, including antibacterial-, antifungal- and anti-tumour 
antibiotics, enzyme inhibitors, microbial regulators, anti-hypersensitives, 
pesticides, herbicides and immunomodulators (Franco & Coutinho, 1991; 
Garretson et al., 1981). Indeed of the 599 bioactive metabolites newly 
registered in the Kitasato Microbial Chemistry database in 1990,309 
(52%) were non-antibiotic compounds (Omura, 1992) 
Evidence that the microbial resource is still largely untapped is provided by 
the high rates of discovery of new compounds (Harada, 1986), despite the 
large libraries of already existing compounds (Laskin & Lechevalier, 
1988). With large potential markets unfilled in both human medicine and 
agriculture, the search for novel microbial metabolites will continue to be a 
major activity of the pharmaceutical industry. 
7 
1.2 Detecting Novel Microbial Metabolites 
Novel microbial metabolites are detected using screening programmes. 
These are interdisciplinary tasks involving the following steps (Nisbet, 
1982; Nolan & Cross, 1988; Franco & Coutinho, 1991) : 
1) isolation and generation of microorganisms. 
2) cultivation in liquid media to induce bioactive metabolite production. 
3) bioactive metabolite detection assays. 
4) chemical characterisation and identification of bioactive metabolites. 
It is the role of the microbial physiologist to develop the first two of these 
steps in order to improve detection and identification of novel bioactive 
microbial metabolites. In order to increase the statistical chances of 
discovering a novel metabolite it is also imperative to have a screen 
capable of handling a high throughput (Okami & Hotta, 1988). This report 
will concentrate on the first two stages of metabolite screening. 
1.2.1 Isolation of Microorganisms 
Modern isolation programmes generally limit themselves to the 
examination of aerobic, heterotrophic organisms, that grow well at neutral 
pH and ambient temperatures (Goodfellow & O'Donnell, 1989). This sub- 
population represents a tiny fraction of the population found in natural 
environments (Williams et at., 1984). This tends to limit efforts to a few 
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well documented genera. Although new products are still discovered it also 
results in the costly re-discovery of known compounds. An obvious way 
forward is the research and development of objective, reliable strategies 
for the isolation and characterisation of novel and rare microorganisms 
(Nolan & Cross, 1988). 
1.2.2 The Available Microbial Resource 
Actinomycetes are the most prolific microbial antibiotic producers (Figure 
1.1) followed by fungi, eubacteria and algae (Berdy, 1985; Franco & 
Coutinho, 1991). Of the actinomycetes Streptomyces have been the most 
prolific producers (Goodfellow & O'Donnell, 1989), probably due to the 
relative ease of isolation and culture of this genus (Bushell, 1989a). The 
improved culture and isolation of rare actinomycetes has shown these 
organisms to be a rich source of novel metabolites, with diverse structural 
classes comparable to Streptomyces (Okami & Hotta, 1988). Fungi are 
also proving to be a rich source of novel metabolites, with fungal fruiting 
bodies proving to be an interesting new source (Moriguchi et al., 1987; 
Bernillon et al., 1989). In common with the actinomycetes, fungi are 
under exploited 
believed to be a largely uxexplei source of novel bioactive microbial 
metabolites (Dreyfuss, 1989). 
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1.2.3 Species Acquisition 
The need to study various habitats in the search for novel organisms or 
metabolites has been stressed by the findings that species are not 
universally distributed in soils (Keast et al., 1984a, b). New species have 
been isolated from remote islands (Hotta et al., 1980), from marine 
(Mynderse & Crandall, 1989), acid (Flowers & Williams, 1977) and 
alkaline (Sato et al., 1985) environments, and from hot sites such as 
compost heaps (Patel et al., 1989). 
1.2.4 Isolation conditions 
The selectivity of the isolation medium may be manipulated via nutrient 
composition, pH, incubation conditions and the addition of selective 
inhibitors. The use of `unnatural' carbon sources such as hydrocarbons in 
isolation media is another approach (Bushell, 1982). The inclusion of n- 
alkanes in the medium allowed the isolation and identification of the new 
and relatively rare actinomycete genus Rhodococcus (Nesterenko & 
Kuasnikoy, 1986). A number of bacteria and actinomycetes have been 
shown to produce antibiotics when grown on n-paraffins (Lee & Walden, 
1969; Suzuki et al., 1972; Yoshida et al., 1972) and cephalosporin 
producing fungi have been isolated on n-paraffin agar (Kitano et al., 1976) 
Selection of producer organisms can also be achieved on the basis that 
producing organisms are resistant to their own antibiotics. The antibiotic 
produced by a rare genus, therefore, may be used to pre-select other 
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related members of this genus. This rationale was demonstrated by the use 
of vancomycin to isolate Amycolatopsis (Lechevalier et al., 1986). 
The development of numerical taxonomy can elucidate the nutritional 
requirements and selective agents for rare organisms (Goodfellow & 
O'Donnell, 1989; Goodfellow et al., 1992). The growth response of 
Streptomyces to sole carbon and/or nitrogen sources were used to 
formulate media to favour the growth of selected species (Williams et al., 
1983a; b). 
The prolonged incubation of isolation plates, beyond the usual 7-14 days, 
has contributed to the isolation of slower growing species including the 
endophyte Frankia (Lechevalier, 1981). Longer incubation times have 
often been disregarded because of the assumption that slow growing 
cultures would be unsuitable candidates for process development as a 
result of economic factors. It has been shown, however, that the early 
growth of fast growing organisms including Streptomyces modify the 
environment of the isolation plate by supplying growth factors or reducing 
the concentration of toxic components. Slow growing strains however, do 
eventually appear which show normal growth characteristics when isolated 
(Nolan & Cross, 1988). 
An unusual approach to selective isolation is the use of an elegant 
membrane filter stripping method for removing non-mycelial colonies from 
the surface of the isolation plate. (Hirsch & Christenson, 1983; Hanka et 
al., 1985). 
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1.2.5 Colony Selection 
In most screening programmes suitable colonies are selected visually, on 
the basis of their macro-morphology, these may be selected at random or 
on the basis of a pre-determined morphological feature. Few taxa can 
however be recognised with any degree of certainty on a primary isolation 
plate (Nolan & Cross, 1988). The utilisation of chromogenic or fluorogenic 
substrates which indicate the elaboration of genus specific enzymes 
(Goodfellow & O'Donnell, 1989), may help in the isolation of a pre- 
determined taxa. The development of chemosystematic databases along 
with numerical taxonomy (Goodfellow & O'Donnell, 1989; Goodfellow et 
al., 1992) has also been a driving force in the development of reliable 
means for the identification of organisms in order to include them in a 
screen or to preclude them on the basis that they are replicates. A variety 
of methods have been employed in the development of these systems 
including DNA-DNA hybridisation (Labeda, 1992), phage typing (Korn- 
Wendisch & Schneider, 1992), ribosomal RNA and protein finger-printing 
(Stackenbrandt, et al., 1992; Ochi, 1992), and pyrolysis mass spectrometry 
(PyMS) (Saddler, et al., 1988; Sanglier et al., 1992). Such polyphasic 
database systems that rely on a wide variety of information can only assist 
in refining current screening procedures. 
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1.2.6 Culture Systems Used in Screens 
Following the generation of potential producer strains it is necessary to 
cultivate the organism in order to promote bioactive metabolite production. 
There are two basic types of culture method: - surface cultures, which use 
static liquid media, agar-solidified media or solid substrates such as 
vermiculite or cereals; and submerged cultures, which use shaken liquid 
media. Both methods have been described though most groups now opt for 
submerged culture methods, primarily because the physical heterogeneity 
of macrocolonies leads to reproducibility problems on scaling up to 
submerged homogeneous culture (Nisbet, 1982). Shomura et al. (1979), 
Pickup et al. (1993) and Moore (1995) observed that many fungal isolates 
that displayed the ability to produce antibiotics on solid media 
subsequently lost this ability once in submerged culture. It was 
hypothesised that this loss of activity was due to a number of factors, 
including morphological changes and nutrient, including oxygen, supply 
changes in liquid culture. The antibiotics fumarmidmycin (Maruyama et 
al., 1975) and SF1993 (Shomura et al., 1979) were also reported to be 
produced only by cultures grown on solid media. In the case of 
fumarmidmycin the antibiotic was shown to become apparently inactivated 
in submerged culture, while in the case of SF1993 the antibiotic was 
shown to be produced by filamentous forms in diluted liquid medium. 
Nisbet (1982) proposed that both these effects were attributable to oxygen 
limitation in the culture, stressing the importance of using shaken cultures 
with high oxygen transfer rates. The potential impact of oxygen limitation 
upon liquid culture screening programmes is considered later 
following a 
review of strategies for the cultivation of microorganisms to promote 
bioactive metabolite formation. 
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1.3 The Role of Microbial Physiology in the Study of Antibiotic 
Production 
Despite the industrial importance of antibiotic production, the physiology 
of antibiotic production is relatively poorly understood. o date processes 
have been improved generally empirically rather than by rational process 
design. The mycelial nature of many antibiotic producing cultures further 
complicates matters. At any point in a culture a mycelium will encompass a 
range of varying physiological states due to its spatially differentiated 
structure, with hyphal tips being concerned with growth and extension 
whilst older hyphae may be producing antibiotic or sporulating. The 
enormity of the task facing the microbial physiologist can be appreciated 
when one considers that the physiological gradient existing along a hyphal 
fragment is superimposed upon culture variables. 
The precise role of antibiotics in the life cycle of the producing organism is 
also uncertain, this uncertainty being yet another of many obstacles in the 
rational design of drug discovery programmes. It is widely assumed that 
antibiotics are not essential for the vegetative growth of the producing 
organism in pure culture (Demain et al., 1983), it has also been observed 
that they are frequently associated with the stationary phase of the culture. 
This has led to the designation of antibiotics and similarly non-essential 
microbial metabolites as `secondary metabolites', a phrase first coined by 
Foster (1949), and further developed by among others Bu' Lock (1961, 
1974,1975). The precise meaning of this term has, however, been the 
subject of considerable debate. 
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1.4 Stimulating Secondary Metabolite Production 
In order to optimise initiation and production of secondary metabolites it is 
essential to understand both their cellular function and also the `triggers' 
that effect their biosynthesis. Unfortunately, little is known about the role 
of many metabolites in the life cycle of the producing organisms (Hunter, 
1992). It is this uncertainty as to their function that has resulted in their 
rather sweeping classification as secondary metabolites. 
1.5 The Role of Secondary Metabolites 
The perceived functions of secondary metabolites and antibiotics in 
particular are varied, however they can be, broadly, split into two distinct 
groups of hypotheses, product related and process related. 
1.5.1 Product Related Hypotheses 
Their possible roles as `weapons' against competitors in the environment 
was put forward by Katz & Demain (1977). The idea that these molecules 
were employed to increase the chances of survival of the producing 
organism received the support of Bushell (1989c). He proposed that the 
producing actinomycete indirectly `sensed' the presence of a competitor by 
a decrease in its nutrient uptake rate, effected by a corresponding decrease 
in the surrounding nutrient concentration, and consequently secreted 
compounds which would affect the growth of the competitor. This form of 
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chemical aggression may not always result in the death of the competing 
organism, but the release of morphological effectors such as elongation and 
sporulating factors may also prevent the competing organism from posing 
any further threat. Further evidence for the antagonistic role of antibiotics 
is the clustering together of antibiotic biosynthesis, regulation and 
resistance genes as seen by Hopwood (1988) in S. coelicolor A3. This 
seems to be a common organisational feature amongst other actinomycetes 
(Chater & Bruton, 1983; Malpartida & Hopwood, 1984; Motamedi & 
Hutchinson, 1987). This can perhaps be explained by the ability of 
microorganisms to laterally transfer genetic material to other species. 
Transfer of the ability to produce an antibiotic would be potentially fatal if 
its transfer did not coincide with the passage of suitable resistance genes, 
with the likelihood of this simultaneous transfer being greatly enhanced if 
genes are clustered closely together on the chromosome (Davies, 1986; 
Hopwood, 1988). This selectional pressure during transfer will only come 
to bear if the receiving organism actually produces the antibiotic. For this 
reason the fact that biosynthesis and resistance genes are always clustered 
together on the chromosome is convincing evidence that such selectional 
pressures do exist and that antagonistic antibiotics are produced in nature 
(Maplestone et al., 1992). It is the functions of secondary metabolites as 
morphological effectors that has impaired the `Biowars' argument, since it 
is suggested that some antibiotics have other, more pressing, functions in 
the producing organism. Researchers (Sarker & Paulus, 1972; Katz & 
Demain, 1977; Demain & Piret, 1979) have discussed the involvement of 
the peptide antibiotics in the sporulation process of the producing 
organism, in addition the antibiotic methylenomycin has been implicated in 
the formation of aerial mycelium in Streptomyces coelicolor (Wright & 
Hopwood, 1976). The supporters of hypotheses suggesting the primary 
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function of these secondary metabolites as regulators of differentiation, 
dismiss their anti-microbial activity as fortuitous coincidence. However 
secondary metabolites produced by actinomycetes have been shown to 
have morphological effects upon other organims. Such divergent secondary 
metabolites include several streptomycete products such as anthranilate 
(Murao et al., 1984), an aspartic proteinase inhibitor S-PI (Terashita et al., 
1981) and basidifferquinone (Azuma et al., 1990a; b) which have been 
implicated in the stimulation of basidiomycete fruiting body formation, 
surely one of the most dramatic examples of cellular differentiation in 
microorganisms. Secondary metabolites have also been implicated in the 
adaptive responses of organisms to unfavourable conditions, not too 
dissimilar to the Biowars scenario. An example is the production of 
siderophores by bacteria grown in environments with low iron 
concentrations (Buyers, 1974; Rosenberg & Young, 1974). It has also 
been shown that some secondary metabolites may act as reserve storage 
compounds, an example is the polyketide citrinin, produced by Penicillium 
citrinum which has been shown to be degraded and incorporated into 
cellular material (Barber et al., 1988). There have also been a number of 
reports concerning the role of secondary metabolites as autoregulatory 
factors, governing the expression or repression of genes depending upon 
prevailing conditions. 
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1.5.2 Process Related Hypotheses 
Researchers have also proposed that the process of secondary metabolism 
is more important to the cell than the final products and their activities. 
One of the more elegant hypotheses seeking to explain why antibiotics are 
produced is that of Zähner (1979), who proposed that secondary 
metabolism functions as a "playground for evolution", with low specificity 
enzymes `playing' with biosynthetic intermediates forming new structures 
which may prove useful, either inside the cell or in the external 
environment. Zähner has published a widely reproduced diagram which 
visualises biological complexity on five levels with secondary metabolism 
acting as an evolutionary space in which compounds are tested for 
promotion from one level to another (See Bushell, 1989c). This luxury of 
having a `test-facility' therefore allows innovation and change without 
compromising the rest of the cells biochemical integrity. With this 
hypothesis it would seem possible to assume that (Sarker & Paulus 1972; 
Hodgson, 1971; Demain & Piret, 1979) many secondary metabolites will 
have no function at all while others may have more than one. An example 
of multi-functional secondary metabolites are the peptide antibiotics 
produced by Bacillus, which possess both anti-microbial activity and are 
also involved in the sporulation process of the producing organism (Katz & 
Demain, 1977). Hence this hypothesis represents a non-Darwinian subset 
of the evolutionary process, presumably peculiar to microorganisms. It 
may, however, be impossible to test Zähner's playground experimentally. 
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Dhar and Khan (1971) and Luckner (1972) suggested that secondary 
metabolism allows the reduction of accumulated pools of toxic 
intermediates, by biochemical modification into less toxic molecules, the 
secondary metabolites. The detoxification hypothesis of Dhar and Khan 
(1971) studied the conversion of phenylacetic acid to benzylpenicillin, 
which fits in with this idea, however, the majority of secondary metabolites 
are actually less toxic, to the producing organism at least, than their 
precursors. This detoxification hypothesis would agree in part with the 
work of Wright and Hopwood (1976), in that the anti-microbial activity of 
these eventual waste product molecules is purely fortuitous coincidence. 
Bu' Lock (1961) suggested that secondary metabolism adopts a `care- 
taker' role when conditions do not allow actual cellular growth. In this 
`metabolic maintenance hypothesis' secondary metabolism maintains 
growth mechanisms in operative order by reducing the maintenance energy 
requirements of the cell. Once again the anti-microbial activity of the 
resulting molecules is seen as purely fortuitous coincidence. 
In Woodruff's (1966) `unbalanced growth hypothesis' it was proposed that 
secondary metabolism maintains a reasonable balance of primary 
metabolites when conditions cannot support balanced growth. The 
hypothesis suggested that biochemical pathway intermediates accumulate 
due to nutrient limitation preventing completion of the pathway, and 
subsequent failure of control mechanisms to direct flow through alternative 
pathways. These accumulated metabolites are acted upon by low 
specificity enzymes in a succession of reactions leading to the formation of 
a complex metabolite (the secondary metabolite) termed a `shunt' product 
which may then be excreted. This hypothesis also gained the support of 
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Weinburg (1971) and Neijssel and Tempest (1979). Both hypotheses of 
Bu' Lock (1961) and Woodruff (1966) are concerned with the ensurance of 
primary metabolic integrity during adverse conditions, so that an organism 
would be capable of resuming growth effectively if the opportunity arose 
via a change in conditions. Woodruff (1980) pointed out that in the natural 
environment organisms are continually forced between the extremes of 
feast and famine and that the maintenance of primary metabolic pathways 
in the time of famine may be advantageous to the survival of an organism. 
All propositions that the process of secondary metabolism is of importance 
do not preclude the possibility that secondary metabolites have 
subsequently acquired a functional role. Although these hypotheses offer 
us a great insight into the process of secondary metabolism, they are just 
that, insights, and are, as such, purely descriptive. Compared with primary 
metabolism, the enzymology and regulation of pathways is poorly 
understood (Hunter, 1992). The search for the control mechanism leading 
to antibiotic production, whose identification would inevitably lead to 
improved discovery and production of new molecules, has progressed to 
the molecular level. Recent advances in molecular biology and indeed 
gene expression may help clarify the role of secondary metabolites in the 
producing organism. The demonstration that antibiotic biosynthesis, 
regulation and resistance genes are clustered (Hopwood, 1988) has implied 
an antagonistic function in nature (Stone & Williams, 1992) supporting the 
earlier hypothesis of Katz and Demain (1977). Particular attention has been 
paid to the molecular consequences of nutrient limitation in many recent 
studies. Interest has focused on the molecules guanosine 5'diphosphate- 
3' diphosphate (ppGpp) and guanosine 5'triphosphate-3'diphosphate 
(pppGpp) (Ochi, 1987) and also the class of autoregulatory compounds 
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known as the gamma butyrolactones e. g. A-factor, L-factors, IM-factors 
and differolactones (Bushell, 1989a), though these will be discussed later. 
1.6 The Regulation of Secondary Metabolism 
With such a wide range of producer organisms producing secondary 
metabolites there is potentially a very large number of possible products 
available for discovery. From the foregoing discussion it is also evident 
that secondary metabolites are likely to serve a number of different roles in 
different microorganisms. The varied roles of secondary metabolites imply 
that there will be considerable variation in the mechanisms controlling their 
biosynthesis. The number of variables that are therefore introduced by such 
a system need to be overcome both during screening and eventual 
production of the secondary metabolite. With such varied biosynthetic 
routes it follows that there can be no `ideal' production medium for 
secondary metabolite formation, and culture with varied compositions are 
essential in screening programmes. 
Traditionally secondary metabolites are considered to be synthesised as a 
response to a decrease in the growth rate of the culture which occurs as a 
response to nutrient limitation (Bu'Lock, 1974). The expression of 
individual antibiotics often requires batch culture in a medium formulated 
with a specific growth rate limiting nutrient (Bushell, 1983). This concept 
is a feature of many industrial screening programmes for novel microbial 
metabolites, so that each isolate under test is grown in a variety of media 
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designed to provide different growth-limiting nutrients (Nisbet, 1982). The 
range of growth-limiting nutrients maximises the chances of expressing the 
product forming potential of each organism in the screen (Clark et al., 
1995). The design of culture media for secondary metabolite screening can 
be rationalised by considering the major factors affecting or initiating 
secondary metabolism in a number of microorganisms. These factors 
include carbon- , nitrogen- , and phosphate - regulation, growth rate, trace 
elements and unusual culture conditions, as shown in Figure 1.3 (Iwai & 
Omura, 1982; Nisbet, 1982; Demain, 1986). Though in this short review 
we will concentrate on the traditional nutrient limitations. 
Factor Example Reference 
Carbon Source Penicillin production by Espeso & Penalva, 
A. nidulans 1992 
Nitrogen Source Bikitverin production Bu'Lock, 1975 
Inorganic Phosphate Thienamycin production by Lilley et al., 1981 
Stre tom ces cattleya 
Dissolved Oxygen Cephamycin C production by Rollins et al., 1988 
Stre tom ces clavuligerus 
Inorganic Salts Aplasmycin production by Okami et al., 1976 
e. g. NaCl marine Stre tom cetes 
Precursors Penicillin production by Arst, 1991 
e. g. Phenylacetic Acid A. nidulans 
Inhibitors Actinomycin is induced when Katz et al., 1965 
e. g. chloramphenicol protein synthesis is inhibited 
Inducers Streptomycin production Kleiner et al., 1976 
e. g. Factor A 
pH High pH induces Kinamycin Hata et al., 1971 
production by Streptomyces 
nurayamaensis 
Figure 1.3: Factors Which Affect Antibiotic Production. 
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1.7 The Induction of Secondary Metabolism 
Martin and Demain (1980), proposed two possible mechanisms to explain 
the observed dynamics of antibiotic biosynthesis. 
1. A co-repressor or inhibitor must be depleted before antibiotic 
biosynthesis can occur. 
2. An inducer or activator must be synthesised prior to the initiation of 
biosynthesis. 
The first model is consistent with experimental observations of carbon 
catabolite regulation, nitrogen metabolite regulation and phosphate control. 
1.7.1 Carbon Regulation 
Carbon Regulation is the term used when secondary metabolism is 
suppressed by the presence of high concentrations of rapidly-used carbon 
sources, such as glucose and glycerol. Interfering carbon sources act by 
repressing the synthesis and inhibiting the activity of synthases of 
secondary metabolism (Demain, 1986). Antibiotics sensitive to carbon 
regulation include actinomycin (Gallo & Katz, 1972, Brown et al., 1983), 
penicillin (Espeso & Penalva, 1992), cephalosporin (Aharonowitz & 
Demain, 1978), cephamycin C (Cortes et al., 1984), puromycin (Sankaran 
& Pogell, 1973), streptomycin (Inamine et al., 1969), erythromycin 
(Escalante et al., 1982), and tylosin (Sprinkmeyer & Pape, 1983). Glucose 
inhibition of the enzyme diacetoxycephalosporin C expandase (Behmer & 
Demain, 1983) involved in cephalosporin C production by 
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Cephalosporium acremonium has been demonstrated, with a net 
accumulation of Penicillin N, a precursor in the biosynthetic pathway. 
It has been proposed that apparent carbon catabolite repression is really a 
consequence of the inhibition of antibiotic biosynthesis with increasing 
growth rate (Bu' Lock, 1974), with antibiotic production being optimal at 
low growth rates, irrespective of the nature of the carbon source. Results to 
support this assertion have been obtained during studies of cephamycin C 
production by Streptomyces cattleya (Lilley et al., 1981). Slow feeding 
glucose to a culture of Streptomyces griseus was also able to alleviate 
repression and led to a stimulation of the production of the polyene 
macrolide antibiotics candidin and candihexin (Martin & McDaniel, 1974). 
Alternative mechanisms to catabolite repression have also been reported to 
suppress antibiotic biosynthesis, such as the repressive action of glucose in 
bacitracin production, which is thought to be due to the accumulation of 
organic acids in the medium causing a decrease in pH (Haavik, 1974 a; b). 
It has also been suggested that high levels of intracellular ATP somehow 
repress antibiotic biosynthesis, this would coincide with low levels of 
cyclic AMP (cAMP), and it is tempting to make comparisons with the 
LAC operon which functions in unicells. There is however no definitive 
experimental evidence indicating the involvement of this system in 
antibiotic production. It has however, been reported that the addition of 
cAMP relieved carbon repression of kanamycin production (Satoh et al., 
1976), and that high tylosin producing mutants of Streptomyces fradiae 
possessed higher cAMP levels than the wild type strain (Colombo et al., 
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1982). The evidence for cAMP as an effector of carbon catabolite 
repression is however largely circumstantial and it seems that the effects 
seen may be more closely linked to phosphate regulation than to carbon 
regulation (Martin & Demain, 1980). 
Production media for the production of secondary metabolites sensitive to 
carbon regulation generally combine rapidly-used and slowly-used carbon 
sources in the same medium (Demain, 1986). The rapidly-used carbon 
source is initially used in a rapid growth phase during which secondary 
metabolism does not occur. After the depletion of this rapidly assimilated 
carbon source growth proceeds more slowly, utilising the second carbon 
source, during this phase secondary metabolite production is initiated. Such 
production media are often described as being `carbon-limited' because the 
carbon source is the nutrient limiting growth. 
1.7.2 Nitrogen Regulation 
Nitrogen regulation is the term used when secondary metabolism is 
suppressed by the presence of high concentrations of nitrogen, usually in 
the form of ammonium and amino acids. Interfering nitrogen sources 
usually act by repressing synthesis and inhibiting the activity of synthases 
of secondary metabolism (Demain, 1986). Secondary metabolites sensitive 
to the effects of nitrogen regulation include cephamycin C (Aharonowitz & 
Demain, 1979), leucomycin (Tanaka et al., 1981), erythromycin (Flores & 
Sanchez, 1985), actinomycin (Katz et al., 1984), bik yverin (Bu' Lock, 
1975), tetracycline (Behal et al., 1983) and tylosin (Tanaka et al., 1981; 
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Omura et al., 1984). Nitrogen assimilation in Streptomyces clavuligerus 
involves two main enzyme systems. The high affinity glutamine synthetase 
- glutamate aminotransferase (GS - GOGAT) enzyme system operates 
under ammonium limitation whereas glutamate dehydrogenase (GDH) is 
active during ammonia excess. Maximum activity of the GS - GOGAT 
system has been shown to coincide with maximum cephalosporin 
production, and the addition of ammonia suppresses antibiotic production 
(Aharonowitz, 1980). The enzyme alanine dehydrogenase (ADH) has also 
been implicated as having a role in ammonium repression. Similar effects 
have been noted in other Streptomyces species, it was thought therefore, 
that there may be a generic mechanism whereby GDH and/or GS - 
GOGAT are involved in the induction of secondary metabolism. Recent 
studies have however suggested that the relationship between induction of 
secondary metabolism and relative enzyme system activities may not be as 
close as previous experiments have suggested. Bascaran et al. (1989) 
isolated auxotrophic mutants (GS- , 
GOGAT-, ADH-) of Streptomyces 
clavuligerus that were still sensitive to nitrogen regulation of 
cephalosporin biosynthesis. Similar mutants of Saccharopolyspora 
erythraea were isolated that were insensitive to ammonium repression, 
when the GS and ADH levels of these mutants were compared with the 
wild type, there was found to be no significant differences (Flores, 1991). 
Therefore it seems probable that the mechanism of regulation has yet to be 
discovered. 
There is also evidence to suggest that amino acids are able to exert 
feedback inhibition on enzymes involved in a common pathway, with 
branches leading to both primary and secondary metabolism. The amino 
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acids, products of the primary pathway, when present in the media are able 
to block the synthesis of both forms of metabolite and hence act as an 
effective repression system. Secondary metabolites subject to this form of 
nitrogen regulation include the antibiotic candicidin which is suppressed by 
aromatic amino acids (Martin, 1983), and the anti-tumour agent macbecin 
which is suppressed by tryptophan, p-amino benzoic acid and anthranillic 
acid (Tanida et al., 1980) 
Traditionally media used for the production of secondary metabolites 
sensitive to nitrogen regulation employ soybean meal in their formulation. 
The slow breakdown of this product prevents large accumulations of 
ammonium or amino acids (Demain, 1986), other suitable nitrogen sources 
include nitrates and slowly assimilated amino acids. In circumstances 
where these methods are not suitable nitrogen regulation is sometimes 
overcome by the addition of `ammonium-trapping' agents to the culture 
medium, these include powdered tribasic magnesium phosphate and natural 
zeolites. Media designed to overcome nitrogen regulation are often 
described as being `nitrogen - limited' because the nitrogen source is the 
growth limiting nutrient. 
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1.7.3 Phosphate Regulation 
Phosphate regulation is the term used when secondary metabolism is 
suppressed by high concentrations of phosphate, this inhibition is thought 
to involve two principal mechanisms (Martin, 1977). The first mechanism 
involves the inhibition and/or repression of phosphatases involved in 
secondary metabolite biosynthesis. Such mechanisms occur in the 
production of several antibiotics including tetracycline (Behal et al., 1979), 
thienamycin (Lilley et al., 1981), candicidin (Martin & Demain, 1976), 
vancomycin (Metz & Doolin, 1973; Clark, 1993; McIntyre et al., 1995), 
streptomycin (Miller & Walker, 1970), neomycin (Majumdar & 
Majumdar, 1972), cephamycin C and clavulanic acid (Lebrihi et al., 1987). 
In the case of streptomycin biosynthesis phosphate inhibits the phosphatase 
responsible for converting streptomycin phosphate to streptomycin 
(Walker & Walker, 1971). 
The second mechanism suggests the involvement of the adenosine 
phosphates in the repressor system, with high levels of phosphate allowing 
elevated ATP production and hence repression of antibiotic biosynthesis. It 
has been demonstrated that prior to secondary metabolite production there 
is marked reduction in cellular ATP levels. This effect is observed in 
candicidin producing Streptomyces griseus (Liras et al, 1977), tylosin 
producing Streptomyces fradiae (Madry et al., 1979; Vu-Trong et 
al., 1980), tetracycline producing Streptomyces aureofaciens (Janglova et 
al., 1969) and levorin producing Streptomyces levoris (Zyuzina et al., 
1981). 
28 
Martin (1977), suggested that Adenylate Energy Charge (AEC), may be 
the effector of secondary metabolism rather than ATP or ADP. AEC is a 
measure of the metabolic energy stored in the adenine nucleotide pool, this 
is calculated as the mole fraction of ATP plus half the mole fraction of 
ADP (Atkinson & Walton, 1967); 
AEC= 
ATP + 0.5ADP 
ATP+ADP+AMP 
In light of recent reports, however, it seems unlikely that AEC is a suitable 
effector. Antibiotic production has been shown to be affected by large 
changes in the total pool of adenylate phosphates which would not 
significantly affect AEC (Hostalek et al., 1974; Curdova et al., 1976; 
Martin et al., 1978; Vu-Trong et al., 1981; Dietzler et al., 1974). 
Production media for secondary metabolites sensitive to phosphate 
regulation contain low phosphate concentrations or phosphate trapping 
agents such as alaphosphane or kanamatsuchi (Demain, 1986). Media 
designed to overcome phosphate regulation are often described as being 
`phosphate limited' because the phosphate source is the nutrient limiting 
growth. 
These three limitations, carbon, nitrogen and phosphate, and their 
respective media form the basis of many pharmaceutical companies 
metabolite screens. The role of oxygen limitation has however been 
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largely ignored by researchers, consequently the use of deliberate oxygen 
limitation in natural product screens has not yet been reported. 
1.8 The Stringent Response 
Secondary metabolite production, morphological differentiation and 
changes in nucleotide pools often coincide, and an attempt to link these 
phenomena forms the basis of an extensive research programme in this 
area (Ochi, 1987). A phenomenon known as the `stringent response' is a 
cornerstone of this research. The stringent response is classically 
demonstrated during amino acid starvation, and can be viewed as a 
microbial mechanism for surviving difficult conditions whereby an 
organism protects its resources by undergoing only the minimum of 
metabolic activity until conditions improve (Lamond & Travers, 1985). 
When an organism is transferred from a casamino acid containing medium 
to a non-casamino containing medium, a nutritional downshift, a higher 
proportion of uncharged transfer-RNA (t-RNA) to charged t-RNA 
(aminoacyl-t-RNA or aa-t-RNA) results due to the reduced availability of 
free amino acids. The uncharged t-RNA reacts with the `A' site of the 70S 
ribosomal sub-unit in what is termed the `idling reaction', this initiates the 
production of ppGpp by ppGpp synthetase. Subsequently ppGpp was 
found to be diminished during growth phase, and reached peak 
concentrations after the exponential phase, due to nutrient limitation, at 
which point secondary metabolism was also induced (Ochi, 1987). 
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Many effects have been attributed to ppGpp. but of these, two appear to be 
of prime importance. ppGpp reacts with the RNA polymerase holoenzyme 
altering its specificity for ribosomal RNA (r-RNA) promoters, preventing 
the production of rRNA and hence ribosomes, causing a reduction in total 
protein synthesis. The second effect is the reduction in the elongation 
phase of transcription, ppGpp is implicated in increasing the `pausing' of 
transcription enzymes, and as such is responsible for a general reduction in 
transcription efficiency. The suggested link between ppGpp, nutrient 
limitation and secondary metabolism resulted in widespread expectation 
that the `switch' for secondary metabolism had at last been discovered. 
The resultant excitement engendered by these findings was dampened by 
the demonstration that the biosynthesis of cephalosporin by Streptomyces 
clavuligerus occurs with no accompanying increase in ppGpp levels 
(Bascaran et al., 1991). This study showed that rises in ppGpp levels 
occurred only in defined nitrogen-limiting media, with an accompanying 
reduction in growth rate but were not essential for secondary metabolite 
production. The fact that changes in ppGpp level has an effect in some 
Streptomyces species but not in others would seem to indicate that ppGpp 
is not the messenger molecule in secondary metabolism that it was initially 
thought to be. Hodgson (1992) suggested that the effects observed may be 
due to ppGpp affecting the expression of a gene that is developmentally 
regulated rather than a regulatory gene. In addition the transient increase in 
ppGpp at the end of exponential phase and its occurrence in stationary 
phase could indicate that it might be a requirement for the expression of 
genes involved in secondary metabolism (Strauch et al., 1991) 
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Studies into t-RNA levels in Escherichia coli (Rojiani et al., 1989) have 
shown that it is not the concentration of uncharged t-RNA that is important 
in initiating ppGpp production, but it is the ratio of uncharged to charged t- 
RNA that is critical. The Microbial Physiology Group at Surrey has been 
investigating the effect of decreasing growth rate, via nutrient limitation, 
upon antibiotic production, protein synthesis rate and the ratio of 
uncharged to charged t-RNA (Wilson & Bushell, 1995). In this study, 
using Streptomyces hygroscopicus and Saccharopolyspora erythraea, it 
was found that the onset of antibiotic production coincides with minimal 
protein synthesis rate. It was also found in S. erythraea that this period of 
minimal protein synthesis rate corresponded to minimum ratio of charged 
to uncharged t-RNA i. e. when uncharged t-RNA accumulated. Wilson and 
Bushell (1995) proposed a model for the initiation of secondary 
metabolism (Figure 1.4), indicating that uncharged t-RNA may in itself 
exert some effect upon secondary metabolite production. 
1.9 Autore ulators 
Many Streptomyces species produce endogenous molecules called 
autoregulators, that are implicated in the onset of secondary metabolite 
production. The best studied of these is A-factor which was first isolated 
in S. griseus strains by Khoklov (1982), with similar compounds being 
isolated from other Streptomyces (Sato et al., 1989). Hara and Beppu 
(1982) showed that in mutants of S. griseus that were incapable of 
sporulating or streptomycin production, there was no A-Factor detectable 
in the cells. Such mutant strains deficient in the ability to synthesise A- 
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factor (afs mutants) had both phenotypes restored by the addition of 
exogenous A-Factor. Although it appears that the presence of A-Factor is 
needed for both phenomena to occur, A-factor alone will not initiate 
secondary metabolism or morphological differentiation. Ochi (1987) 
stressed the significance of the stringent response in morphological 
differentiation and secondary metabolite production and suggested a 
possible co-ordinated role of this response with the action of A-Factor. 
Ochi (1987) concluded that morphological differentiation of S. griseus 
resulted from a decrease in the pool of GTP in the cell, as a consequence 
of the stringent response, whereas physiological differentiation and 
secondary metabolite production resulted from a more direct function of 
ppGpp, as mentioned earlier in Streptomyces griseus which do not exhibit 
the stringent response. It was therefore suggested that A-Factor may render 
the cell sensitive to receive and respond to these specified signal molecules 
i. e. ppGpp and GTP. Further evidence of A-Factor's involvement was 
shown by Miyake et al., (1989) who observed A-Factor binding proteins in 
S. virginiae and S. griseus. A mutant S. griseus incapable of producing A- 
Factor still retained the ability to sporulate and produce streptomycin. It 
was shown that this mutant strain also lacked any A-Factor binding 
protein. This work suggested that the A-Factor binding protein was 
somehow involved in the suppression of sporulation and secondary 
metabolite production, and that the binding of A-Factor modified this 
action so that physiological and morphological differentiation could occur. 
This binding of A-Factor to its binding protein may be irreversible, as even 
short periods of exposure to A-Factor are sufficient to induce streptomycin 
biosynthesis (Martin & Demain, 1980). From the initial work by Miyake et 
al., (1989), it appears that A-Factor is not essential in the induction of 
physiological and morphological differentiation, but that it may be involved 
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as an additional `check' or `fail-safe' in the process, or that it may act as a 
unifying communicator to channel remote signals, such as the stringent 
response, into the effecting of sporulation or secondary metabolite 
production. 
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Figure 1.4: Proposed Regulatory Cascade (Adapted from Wilson & Bushell, 
1995) 
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1.10 A Summary of Control Aspects of Secondary Metabolism 
There is no universally accepted model for the physiological control of 
antibiotic biosynthesis, though several models have beeen proposed in an 
attempt to take into account both specific and global control of the 
induction of secondary metabolism. Chater and Bibb (1996) proposed a 
model (Figure 1.5), that incorporates both pathway specific and global 
regulatory elements. Their model outlines the effect of growth rate on 
certain pleiotropic genes that initiates a cascade of events that leads 
ultimately to the initiation of antibiotic biosynthesis. 
Cell Density 
Pheromone 
Sensor 
Imbalance in 
metabolism 
Stress 
Response 
Pleiotropic 
regulatuory 
genes 
Pathwa: 
specifi 
regulato 
gene 
Genes 
biosyntl 
enzyn 
low growth rate 
Low mol. wt. 
effectors e. g. 
ppGpp 
ANTIBIOTIC 
PRODUCTION 
Nutrient 
limitation 
Figure 1.5: Model Proposed by Chater and Bibb (1995) for the Physiological 
Control of Antibiotic Biosynthesis. 
or 
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An example of a pleiotropic gene is that of the bld genes of S. coelicolor. 
Mutations of bldA displayed loss of both the ability for morphological 
differentiation and antibiotic biosynthesis. This suggested that the bldA 
gene is involved in the control pathways of both processes. In S. coelicolor 
and S. lividans the bldA gene encodes for the only tRNA that can translate 
the rare leucine codon UUA efficiently (Lawlor et al., 1987, Leskiw et al., 
1991 a). It has been shown that the TTA codon is also found in several 
genes that are expressed late in the growth of the organism (Lawlor et al., 
1997), hence it has been suggested that bldA regulates antibiotic 
production by allowing the translation of mRNA containing the UUA 
codon only under certain conditions (Leskiw et al., 1991b). 
Therefore the bldA gene can be seen to be acting as a global regulator for 
the pathway specific genes that contain the UUA codon. The production of 
actinorhodin and undecylprodigiosin by S. coelicolor requires the 
expression of the pathway specific genes actll-ORF and redD respectively 
(Takana et al., 1992; Gramajo et al., 1993). Both of these genes contain 
the UUA codon and require the expression of the bldA gene to ensure their 
translation. 
The expression of such global regulators such as bldA, however, still 
requires some form of physiological trigger. The models proposed by 
Chater and Bibb (1995) and Wilson and Bushell (1995; Figure 1.4) are 
both complementary in identifying the reduction in growth rate of the 
organism as this potential trigger. Wilson and Bushell (1995) proposed that 
the protein synthesis rate of the organism acts as a global initiator of 
secondary metabolism, with presumably this having an effect on the 
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expression of global regulatory genes, such as those as identified by Chater 
and Bibb (1995). 
Wilson and Bushell (1995), proposed that differences in the substrate 
affinities for the growth rate limiting substrate may also be responsible for 
the differences in production kinetics observed. They observed non-growth 
associated kinetics under carbon limitation and growth associated kinetics 
under nitrogen limitation. It was put forward that the differing production 
kinetics were possibly as a result of differing relative substrate affinities for 
the carbon and nitrogen sources. A lower affinity for the nitrogen source 
would lead to growth associated production under nitrogen limitation and 
non-growth associated production under carbon limitation. Further 
evidence for the effect of substrate affinities upon secondary metabolite 
production kinetics have recently been published by the group (Bushell et 
al., 1997). A working hypothesis is that growth rate down regulation acts 
as a global trigger for the induction of secondary metabolism, with other 
mechanisms, such as catabolite, phosphate and nitrogen source repression, 
acting on individual steps in biosynthetic pathways, once they have been 
induced. 
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1.11 Oxygen Limitation and Screening 
1.11.1 The Role of Oxygen 
The presence of a growth rate limiting nutrient, and the nature of this 
nutrient are important factors in the initiation of secondary metabolite 
production. Exploitation of this knowledge has resulted in the production, 
by appropriate manipulation of media and cultural methods, of a wide 
variety of useful secondary metabolites, including antibiotics. During most 
aerobic fermentations, oxygen is supplied to the broth by sparging air 
through the medium or its indirect incorporation by agitation. Provided that 
the oxygen transfer rate exceeds the rate of oxygen utilisation by the 
culture, cell growth continues unimpeded. At some critical cell 
concentration, oxygen can no longer be supplied to the broth fast enough to 
meet the culture's oxygen demand. Under these conditions oxygen 
becomes the limiting nutrient for cell growth, and has been implicated in 
causing both low cell densities and low product titres (Junker et al., 1990). 
As mentioned, the use of deliberate oxygen limitation in industrial 
processes has been restricted, perhaps due to the contradictory nature of 
recent findings. There are a number of reports that claim reduced aeration 
has an adverse effect upon antibiotic production, including penicillin 
(Vardar & Lilly, 1982; Ho et al., 1990), cephalosporin C (Hilgendorf et 
al., 1987; Yegneswaran & Gray, 1991), cephamycin C (Rollins et al., 
1989), oxytetracycline (Oblozhko et al., 1977; Oblozhko & Orlova, 1977), 
lincomycin (Oblozhko & Orlova, 1977) and vancomycin (Clark et al., 
1995). Oxygen limitation has, however, also been reported to stimulate 
antibiotic synthesis, including that of capreomycin (Feren & Squires, 
1969), gramicidin S (Vandamme et al., 1981), and erythromycin (Clark et 
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al., 1995). With the underlying hypothesis that a reduction in growth rate 
acts as a trigger for secondary metabolite production, and in view of the 
conflicting results above, it seems highly likely that oxygen concentration 
may act as an alternative switch for the mechanism. 
Feren and Squires (1969), showed that the optimal aeration conditions for 
antibiotic biosynthesis may differ from those required for optimal growth 
(Yegneswaran & Gray, 1991), depending upon the antibiotic and strain. 
Optimal levels for secondary metabolite production may well be 
unconnected to oxygen demand rates for biomass production, a similar 
scenario to that seen with other previously mentioned forms of nutrient 
limitation. 
Several reports have described effects of aeration efficiency upon enzyme 
systems involved in antibiotic biosynthesis. For example, the activity of 
deacetoxycephalosporin C synthase is depressed by high oxygen 
concentrations (Rollins et al., 1990). Aeration efficiency has also been 
implicated in the regulation of the enzymes involved in cephalosporin C 
hydrolysis (Yegneswaran & Gray, 1991). There is also the possibility that 
a reduction in aeration efficiency is yet another means of reducing the 
culture growth rate and hence initiating secondary metabolite biosynthesis 
via this pathway. Oxygen limitation should however not be considered a 
potential universal effector of secondary metabolism, particularly in cases 
where carbon, nitrogen or phosphorous limitation is an essential 
prerequisite. However from the albeit conflicting results already cited it 
appears that oxygen plays at least some role in the initiation of antibiotic 
production and that much potential exists for seminal investigation into this 
area. 
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1.11.2 Does Oxygen Limitation Occur in Screens 
Screening programmes require a high throughput of organisms in order to 
increase the chances of discovering new metabolites, this is achieved by 
the use of small-scale culture vessels, such as shaken tubes or flasks. The 
intended range of growth-rate-limiting nutrients may not be attained if the 
design of the culture vessel results in oxygen limitation. It has been 
suggested that oxygen limitation could eclipse effects of other nutrient 
limitations and so deny the screen of having a variety of media (Bushell, 
1989b). It has also been suggested that this `eclipsing' may reduce 
potential product diversity in screens if the benefits of multiple nutrient 
limitations are removed (Bushell, 1988). Despite studies on the effect of 
aeration efficiency on antibiotic production e. g. (Krälovcovä & Vanek, 
1979; Uchida, et al., 1981), very little has been reported concerning the 
actual effect of oxygen limitation. Rollins et al. (1988; 1990) and Virgilio 
et al. (1964), amongst others, reported the effect of very short periods of 
oxygen-limited growth upon antibiotic biosynthesis. The work of 
Vandamme et al. (1981) and Chen and Wilde (1991) described the 
influence of reduced oxygen on the production of gramicidin S and tylosin 
respectively. However, the complex nature of the media used in these 
studies questions the actual status of oxygen as the first growth-limiting- 
nutrient, as slowly assimilated nutrients will assume the status of growth- 
rate-limiting substrate (Demain, 1986). However if the eclipsing effect 
suggested by Bushell (1989b) is correct then oxygen could potentially 
mask the effects of the other slowly assimilated nutrients. 
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The likelihood of oxygen limitation occurring in small scale vessels is 
impossible to assess without suitable dissolved oxygen data. Aeration 
efficiency is a function not only of vessel geometry, but also medium 
composition and the specific oxygen uptake capabilities of the culture, both 
of which vary continuously with time (Stanbury & Whitaker, 1984). 
Several researchers have implied that shake flasks and tubes, when 
sufficiently agitated, display aeration efficiencies comparable to those of 
stirred, aerated bioreactors (Tunac, 1989; Freedman, 1970; McDaniel & 
Bailey 1969; Morimoto et al., 1979). However, even high aeration 
efficiencies may be offset by the use of rich complex media, commonplace 
in industry, which gives rise to high oxygen demand rates, particularly in 
actinomycete cultures (Bushell, 1989b). 
Given that oxygen limitation could potentially undermine the expression 
of a wide range of metabolites in a screen, it was necessary to develop a 
means of assessing the oxygen status of small scale cultures. Recent work 
carried out in this laboratory (Clark et al., 1995) attempted to answer 
many of the questions concerning the oxygen status of small scale 
cultures and the effect of oxygen limitation upon antibiotic producing 
organisms. A miniature polarographic dissolved oxygen electrode, 
originally designed for measuring oxygen levels in the blood vessels of 
neonates, was employed to measure the oxygen concentrations of the 
culture. Clark et al. (1995) found that erythromycin was produced in both 
oxygen-limited and oxygen-sufficient conditions in shaken flask and 
inclined tube cultures of Saccharopolyspora erythraea. A second, 
pigmented secondary metabolite was found to be produced by S. 
erythraea only under oxygen-limitation. Vancomycin however was found 
only to be produced in oxygen-sufficient cultures of Amycolatopsis 
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orientalis, with oxygen-limitation repressing its biosynthesis. In many 
respects such findings indicate that oxygen-limitation may act in an 
analogous manner to traditional dissolved nutrient limitations, with 
secondary metabolism being stimulated in some instances and inhibited in 
others. In view of these findings, if oxygen limitation were to occur in a 
screen, then vancomycin would not have been produced and subsequently 
missed, as would, presumably, a significant proportion of other bioactive 
metabolites. The novel pigment however is an example of the, as yet, 
unrealised benefit of deliberately including oxygen-limitation as one of 
the screen conditions (Clark et al., 1995). Oxygen limitation could be 
introduced into a screen by formulating a medium to have high 
concentrations of all other nutrients, by reducing the aeration efficiency of 
culture vessels by lowering shaker speed, by increasing culture volume or 
changing culture vessel design. It is important to note, however that it is 
only worth including deliberate oxygen-limited cultures if all other 
cultures are proven to be oxygen-sufficient, hence dissolved oxygen data 
for small scale cultures must be available. 
1.11.3 Mechanisms by Which Oxygen Limitation Influences 
Secondary Metabolism 
With limited reports concerning oxygen limitation in cultures there is 
consequently little known about the mechanisms by which oxygen 
limitation affects the cell, particularly in the case of actinomycetes. 
Similarly to the findings of earlier mentioned nutrient limitations, oxygen 
limitation has been indicated to affect biosynthetic enzymes. Rollins et al. 
(1990) showed that oxygen depression of deacetoxycephalosporin C 
synthase is an important regulatory mechanism in cephamycin C 
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production by Streptomyces clavuligerus. Vandamme et al. (1981) 
implicated that the positive effect of oxygen limitation on gramicidin S 
production by Bacillus brevis was due to reduced inactivation of 
gramicidin synthetases, which are known to be oxygen labile (Friebel & 
Demain, 1977 a, b). 
The effects of oxygen limitation upon eubacteria have been studied more 
extensively than in actinomycetes, in particular the production of 2,3 - 
butanediol by Klebsiella oxytoca under oxygen limitation. K. oxytoca 
responds to oxygen limitation in several ways: maintenance energy 
requirements streamline (Jansen & Tsao, 1983), glycolysis and energy 
generation from substrate level phosphorylation increase (Thomas et al., 
1972), the specific growth rate falls and the cell mass yield decreases 
(Jansen & Tsao, 1984); and generation of NADH + H+ decreases and the 
end-product flow becomes less oxidised (Volbrecht, 1982). These 
energetic responses and bioenergetics have been applied in modelling the 
production of 2,3-butanediol (Beronio & Tsao, 1993). 
In Saccharomyces cerevisiae there is a class of genes encoding oxygen- 
dependent functions such as cytochrome sub-units oxidases and saturases 
which are induced at low oxygen tension. The expression of these hypoxic 
genes presumably allows the cell to utilise limiting oxygen more efficiently 
(Zitomer & Lowry, 1992). If similar genes are found to occur in antibiotic- 
producing organisms then the effects of oxygen limitation on secondary 
metabolism may be a complex function of effects on both primary and 
secondary metabolism. Many yeast and eubacteria have been demonstrated 
to adapt their respiratory chains i. e. cytochrome spectra, under conditions 
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of oxygen limitation, including Candida tropicalis (Gmünder et al., 1981), 
Candida guilliermondii (Mauersberger et al., 1980), Saccharomyces 
cerevisiae (Rogers & Stewart, 1983), Trichosporon cutaneum (Laurila et 
al., 1984), Escherichia coli (Moss, 1952; Poole, 1993; Tsai et al., 1994), 
Acinetobacter calcoaceticus (Asperger et al., 1986), Azotobacter 
vinelandii (Poole, 1993) and Pseudomonas cichorii (Zannoni, 1986). 
However little appears to be known about the details of respiration in the 
actinomycetes. Sato (1940) first reported the presence of cytochromes in 
Streptomyces. Since then Inoue and co-workers have shown the presence 
of a-, b-, c-, and d-type cytochromes (Inoue, 1958,1973,1976; Inoue & 
Kubo, 1965). Recent work has also helped to increase knowledge of the 
respiratory chains of Saccharopolyspora erythraea (Scott et al., 1989, 
1992) and Streptomyces clavuligerus (Scott et al., 1992; Scott & Poole, 
1988), though a great deal more work is necessary in this area, particularly 
with respect to the effects of oxygen limitation. An increased knowledge of 
the mechanisms `connecting' oxygen limitation and secondary metabolism 
could lead not only to the discovery of new compounds, via improved 
screening programmes, but also to improved yields in production scale 
bioreactors. In such bioreactors cultures are subjected to cyclic variations 
in dissolved oxygen tensions (Vardar & Lilley, 1982). This project intends 
to investigate the mechanisms by which oxygen limitation influences 
secondary metabolism. 
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1.12 Culture Aeration 
Oxygen limitation results from the rate of culture oxygen transfer failing to 
satisfy the demands of the culture. This may be caused by increasing 
culture viscosity due to increasing biomass concentration (Banks, 1977; 
Deindoerfer & Gaden, 1955; Carilli et al., 1961). This is particularly 
pronounced in rich complex media where biomass concentrations are high. 
The addition of anti-foam reagents to bioreactors also decreases oxygen 
transfer rates (Aiba et al., 1973; Hall et al., 1973), however in shake flasks 
where anti-foam reagents are generally not included, the accumulation of 
foam may also result in reduced oxygen transfer (Hall et al., 1973). 
Aeration efficiency may be varied in a bioreactor by changing air flow rate 
and/or stirrer speed, or in flasks by changing flask type (presence/absence 
of baffles), flask to culture volume ratio, shaker speed or shaker type 
(reciprocating/rotary). However, varying these factors will also influence 
the hydrodynamic stress experienced by the culture and also carbon 
dioxide flushing may occur, both of which have been shown to influence 
antibiotic production. 
One of the most studied occurrences of oxygen limitation is that of 
pelleting in fungal cultures, whereby the morphological form of the pellet 
results in poor mass transfer and hence oxygen limitation is experienced at 
its core. The hyphae of many fungal species agglomerate in liquid culture 
forming dense mycelial balls, known as pellets. Factors that affect pellet 
formation include spore clumping, hyphal agglomeration, hyphal 
morphology and growth rate with these factors in turn being affected by 
strain, inoculum, medium, pH and most importantly agitation (Prosser & 
Tough, 1991). Investigation into pelleting by Streptomyces tendae (Vecht- 
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Lifshitz et al., 1990) confirmed that pellet size increased with decrease in 
shear rate, pH, temperature and inoculum size. 
It has been known for some time that pellets are oxygen limited (Yano et 
al., 1961) with the observation that oxygen cannot diffuse adequately into 
the core of the pellet resulting in core lysis (Trinci, 1970). In fact, a 
gradient of limitation occurs throughout the pellet (Kobayashi et al., 1973), 
using a miniature dissolved oxygen electrode Huang and Bungay (1973) 
proved that oxygen tension decreases from the medium to the core of the 
pellet, the findings being confirmed by Cronenberg et al., (1994) who 
employed a microprobe to measure both glucose and oxygen levels inside 
pellets of Penicillium chrysogenum. These observations and the fact that 
oxygen limitation results in an incomplete TCA cycle (Gray et al., 1966), 
can be used to explain why Aspergillus niger produces citric acid when in 
a pelleted form (Papagianni et al., 1994) and why P. chrysogenum does not 
produce penicillin when in the pelleted form (Dion et al., 1954). Penicillin 
synthesis requires molecular oxygen in the ratio 1: 1, for the conversion of 
0. 
L-amino'ddipyl cysteinevaline to isopenicillin N (White et al. 1982) and, 
therefore, high dissolved oxygen levels are required in the culture. Phillips 
(1965) observed that penicillin production can occur in pelleted cultures 
but that titre is low, reducing with increase in pellet size. Moore and 
Bushell (1997), observed that penicillin was not produced by pelleted 
cultures of Aspergillus nidulans, but that production was seen in 
filamentous forms of the organism. It was also demonstrated that pelleted 
cultures of A. nidulans had a significantly lower oxygen uptake rate and 
adenylate energy charge than filamentous cultures, both parameters were 
thought to be as result of the poor mass transfer properties associated with 
pelleted cultures. In smaller pellets oxygen transfer is high but difficulties 
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arise in maintaining a high dissolved oxygen concentration in the medium, 
whereas in larger pellets the opposite is true. The oxygen status of the 
culture as a whole has also been shown to have an effect on the type of 
pellet formed (Testi-Camposano, 1959). Kobayashi and Suzuki (1972) 
showed that fluffy loose pellets were common in high oxygen tension 
environments compared to hard hollow pellets in oxygen limited cultures. 
Pelleting in cultures can often be overcome by increasing agitation using 
one of the methods previously mentioned for enhancing oxygen transfer. 
1.13 The Effect of Hydrodynamic Stress on Antibiotic 
Production 
The majority of research concerning the effect of hydrodynamic stress has 
concentrated on filamentous fungi, however it would be expected that 
actinomycetes would behave similarly though due to structural differences 
sensitivities may differ. Increased stirrer speed has been reported to; 
1) change mycelial morphology: mycelia are shorter and thicker with a 
higher frequency of branching (Dion et al., 1954; Camposano et al., 
1961). 
2) cause nucleotide leakage: the rate of nucleotide leakage was found 
to be directly related to impeller velocity (Tanaka & Ueda, 1975; 
Tanaka et al., 1975a, b). 
3) decrease growth rate (Tanaka et al., 1975a, b). 
4) decrease antibiotic yield (Pitt & Bull, 1982; Smith et al., 1990). 
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These effects however may be offset by the advantages of increased 
oxygen transfer and possibly the associated increased growth rate and 
antibiotic productivity, hence an optimal stirrer/shaker speed needs to be 
found for each particular case. Optimal stirrer speeds have been 
demonstrated for the production of citric acid by Aspergillus niger (Clark 
& Lentz, 1963; Ujcova et al., 1980) and penicillin by Penicillium 
chrysogenum (Dion et al., 1954; Vardar & Lilly, 1982; Konig et al., 
1981). Clavulanic acid production has been reported to be adversely 
affected by high stirrer speeds (Tarbuck et al., 1985), though this was 
subsequently disputed by Belmar-Beiny and Thomas (1990). 
1.14 The Effect of Carbon Dioxide on Antibiotic Production 
Accumulation of dissolved carbon dioxide in culture media has been 
shown to have varying effects on microorganisms and their antibiotic 
production. Carbon dioxide has been shown to inhibit the synthesis of 
several antibiotics including macrocin (Chen & Wilde, 1991), 
erythromycin (Nash, 1974) and penicillin (Pirt & Mancini, 1975; Ho et al., 
1987). Nash (1974) and Chen and Wilde (1991) suggested that the 
repressive effects of carbon dioxide are exerted upon biosynthesis of 
enzymes involved in antibiotic production. However at low levels, carbon 
dioxide has also been shown to have a stimulatory effect upon biosynthesis 
(Sherstobitova et al., 1976), perhaps acting to increase the production of 
essential intermediate compounds via carboxylation reactions (Gill & Tan, 
1979). 
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1.15 The Effect of Culture Medium on Antibiotic Production 
Varying culture medium has been shown to regulate the effect of aeration 
efficiency on antibiotic production in batch culture. 
1) Bacillus brevis requires a much lower aeration efficiency for high 
specific rates of gramicidin S production in defined medium than in 
complex medium (Vandamme et al., 1981). 
2) Tetracycline production by Streptomyces rimosus is less dependent 
on aeration efficiency in defined medium than in complex medium 
(Rose, 1979 ; Oblozhko et al., 1977). 
3) Streptomyces clavuligerus has been reported to have specific 
cephamycin C production increased by oxygen saturation in 
complex medium (Rollins et al., 1988,1990) but decreased by 
oxygen saturation in defined medium (Rollins et al., 1989). 
4) The optimal aeration efficiency for maridomycin production by 
Streptomyces hygroscopicus rises with medium phosphate 
concentrations (Uchida et al., 1981). 
The following hypotheses may explain these effects and hence answer why 
culture medium is able to regulate the effect of aeration on antibiotic 
production ; 
1) oxygen demand is different in different media, with aeration rate 
needing to be adapted accordingly to attain oxygen satisfaction, 
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2) oxygen transfer is hampered as medium viscosity increases with 
nutrient concentration (Vandamme et al., 1981), 
3) different media have different dissolved oxygen and carbon dioxide 
concentrations (Schumpe et al., 1982), with antibiotic production 
being sensitive to these differences. 
1.16 Novel Methods for Overcoming Oxygen Limitation 
As has been pointed out, one of the major problems in small scale 
screening vessels is the supply of sufficient oxygen to the culture to 
prevent oxygen limitation occurring. This problem is further compounded 
in large scale industrial vessels where severe gradients may exist within the 
vessel itself, with both vertical and radial gradients existing from the 
sparger and impeller respectively, as observed by Manfredini et al., 
(1983), and Oosterhuis and Kossen (1984). One of the major problems in 
industrial production of antibiotics is the inadequate supply of dissolved 
oxygen, which does not meet the demands of the culture (Elibiol & 
Mavituna, 1995). In microbial cultivation processes, productivity advances 
are frequently limited by the transport of a substrate or by-product into or 
out of the reactor (Junker et al., 1990b). Oxygen transfer is one of the 
bottlenecks in conventional fermentation technology and has so far been 
almost totally overlooked with regards to high cell densities and 
immobilised cells (Rols & Goma, 1989). This bottleneck arises mainly 
because of the low solubility of oxygen in aqueous media, poor mass 
transfer capacities of industrial bioreactors and the highly viscous nature of 
the dense mycelial cultures (Elibiol & Mavituna, 1995). The traditional 
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approach to these problems usually involves improvements in the design of 
the bioreactor, agitator and sparger, increased aeration or the use of 
oxygen-enriched air. 
Other more novel methods to overcome shortfalls in aeration have revolved 
around the generation of oxygen in situ either chemically by the use of a 
hydrogen peroxide/catalase system (Schlegel, 1977; Ibrahim & Schlegel, 
1980a, b), or by adding hydrogen peroxide to the culture medium of 
organisms having high natural catalase activity such as Gluconobacter 
oxydans (Holst et al., 1982). Work has also been carried out on the co- 
immobilisation of an oxygen producing organism, such as an algae, with an 
oxygen consuming organism (Adlercreutz & Mattiasson, 1982, Adlercreutz 
et al., 1982), but the flux of oxygen production is reported to be somewhat 
limited. 
Finally, and that which is receiving the most attention, is the modification 
of the culture medium so that it can carry more oxygen. This new approach 
is the strategy of oxygen-vectors and consists of the addition to the growth 
medium of a compound or a liquid phase in which oxygen has a higher 
solubility than the usual aqueous phase. The compounds generally used in 
biotechnology as oxygen vectors are hydrocarbons, perfluorocarbons and 
haemoglobin. 
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Compound Oxygen Solubility (mvdvatm. @ 37°C) 
Water 2.5 
Perfluorotributylamine 40.3 
Perfluorodecalin 42.3 
Perfluorotripropylamine 45.3 
Figure 1.6: Oxygen Solubilities in Various Oxygen Vectors (Riess & LeBlanc, 
1982) 
1.16.1 Haemoglobin 
Adlercreutz and Mattiasson (1982) supplemented substrate solution with 
haemoglobin in order to enhance oxygen supply to immobilised 
Gluconobacter oxydans for the conversion of glycerol to 
dihydroxyacetone. Production of dihydroxyacetone varied linearly with 
haemoglobin concentration. However, the addition of haemoglobin to a 
growth medium does have several limits: 
1. Although highly soluble in water, working with solutions more 
concentrated than 85g1-1 is not realistic. 
2. Haemoglobin's high affinity for oxygen requires the medium to have a 
long residence time in the reactor in order for the oxygen supplied by the 
haemoglobin to be effectively used. 
3. Haemoglobin is slowly oxidised to methaemoglobin. In order to 
recirculate haemoglobin within a process it would be necessary to 
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reduce the methaemoglobin to its former state (Tomada et al., 1976), but 
this would prove very difficult in a biotechnological process. 
An exciting alternative to the supplementation of medium with 
haemoglobin, is improved oxygen utilisation by strains via the expression 
of a heterologous haem protein. Wakabayashi et al., (1986) described a 
bacterial protein from Vitreoscilla that combines with molecular oxygen 
and has an amino acid sequence with features and characteristics of the 
globins. The haemoglobin content of Vitreoscilla increases almost 50-fold 
when the oxygen concentration of its surroundings falls below 10% of 
atmospheric (Boerman & Webster, 1982). Apparently Vitreoscilla employs 
haemoglobin to survive and grow in an oxygen poor environment, with it 
seemingly acting as an oxygen storage-trap or to facilitate oxygen diffusion 
(Perutz, 1986). Khosla et al., (1990) first demonstrated that E. coli cells 
expressing Vitreoscilla haemoglobin (V. Hb) exhibited increased respiration 
and protein synthesis rates and grew more rapidly than V. Hb free cells 
under oxygen-limited conditions. It was proposed that these effects were 
due to the improved overall efficiency of oxygen-limited ATP production 
due to the presence of V. Hb. In addition the cloned Vitreoscilla fragment 
also confers oxygen mediated regulation of its expression. 
Magnolo et al., (1991) also described the expression of V. Hb in 
Streptomyces. In batch fermentations run under reduced aeration, 
expression of V. Hb by S. coelicolor resulted in a ten-fold increase in 
specific yields of actinorhodin, with yields also being much less sensitive 
to aeration conditions in the V. Hb expressing strain. In V. Hb expressing 
S. lividans, cells grown under reduced aeration had higher biomass yields 
and exhibited greater oxygen consumption rates than non-expressing cells. 
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In addition to the previous hypotheses concerning the action of V. Hb 
(Perutz, 1986), in the case of S. coelicolor it was also postulated that V. Hb 
may be acting at an oxygen requiring rate limiting step of the actinorhodin 
biosynthetic pathway (Magnolo et al., 1991). It was further suggested by 
this group that V. Hb enhanced the oxidation of dihydrokalafungin, a 
proposed intermediate reaction in the biosynthesis of actinorhodin (Cole et 
al., 1987). 
1.16.2 Hydrocarbons 
Hydrocarbons such as hexadecane have much higher oxygen solubilities 
than water and hence chemicals such as these may have some use as 
oxygen vectors. Unlike haemoglobin and perfluorocarbons however 
hydrocarbons are much cheaper, and thus more suitable for large scale 
fermentations from an economic point of view. Mimura et al. (1969) was 
the first to note the effect of hydrocarbon phase on oxygen transport in air- 
water-hydrocarbon systems. Oxygen transfer was monitored in closed 
shake flasks containing air, sodium sulphite solution and kerosene by 
following the change in the gas phase oxygen partial pressure. They found 
that the oxygen transfer rate coefficient kLa/h increased exponentially with 
the volume fraction of kerosene, when the total volume of the liquid 
mixture was held constant. 
With the inclusion of an organism into the system, Torrijos (1987) 
observed the effect of various concentrations of hydrocarbon (mixture of 
n-tridecane to n-heptadecane) on the growth of Aerobacter aerogenes, 
which is highly sensitive to oxygenation. Torrijos (1987) found that there 
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was an increase in the oxygen transfer coefficient (up to 4.6-fold for 20% 
v/v organic phase), directly related to the addition of organic phase, 
resulting in improved production and growth kinetics. Ho et al. (1990) 
attempted to increase medium oxygen solubility, and hence enhance 
oxygen transfer rates in penicillin fermentations using n-hexadecane. In 
shake flasks they found a significant increase in the growth rate of 
Penicillium chrysogenum by the addition of n-hexadecane. In bioreactor 
culture the addition of n-hexadecane resulted in increased biomass and 
penicillin production and also the reduced formation of mycelial pellets. 
These results were attributed to the successful enhancement of oxygen 
transfer by the inclusion in the culture of n-hexadecane. 
1.16.3 Perfluorocarbons (PFC's) 
Of the oxygen vectors initially mentioned in this section, it is perhaps the 
perfluorocarbons (PFC's) that have received the most attention, and have 
so far shown to be the most promising in overcoming oxygen transfer 
problems in submerged culture. PFC's are petroleum-based compounds 
synthesised by substituting fluorine for the hydrogen molecules of 
hydrocarbons. PFC's are both stable and virtually chemically inert due to 
the presence of very strong carbon-fluorine bonds (c. a. 116kcalmol-1), in 
addition the fluorine atoms offer steric protection to the carbon groups 
(King et al., 1989). Oxygen solubility in PFC is usually 10-20 times that in 
pure water (Riess & Le Blanc, 1982), a fact most graphically displayed by 
Clark and Gollan (1966) when they immersed mice in liquid PFC's, during 
which the animal was able to obtain sufficient oxygen by respiring in the 
oxygen-rich liquid. As a result of PFC's similar oxygen solubilities to 
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haemoglobin they have received considerable interest as potential synthetic 
blood substitutes in both animals and humans (Riess & Le Blanc, 1982, 
Lowe, 1988). Moreover, one commercial emulsion (Fluosol-DA, Green 
Cross Corporation, Japan), which contains perfluorodecalin and 
perfluorotripropylamine emulsified with a poloxamer surfactant, is the only 
PFC preparation to have been tested in man (Maugh, 1979). The 
application of PFC's to cell culture first appeared in a U. S. patent (Chibata 
et al., 1974), who demonstrated improved growth characteristics in a range 
of organisms including Streptomyces and yeasts, when incubated with the 
PFC, perfluorotributylamine (FBTA). One of the main economic attractions 
of using PFC's is that they are immiscible with aqueous media, and are 
therefore, re-cycleable and recoverable. It is this immiscibility however 
that has also caused some problems, since it is quite difficult to generate 
fine suspensions of PFC in culture systems by agitation alone, emulsifiers 
are often included in the liquid phase. The most frequently used is the 
polyol surfactant Pluronic F-68. FC-72 emulsified with pluronic F-68 was 
effective in increasing oxygen transfer to immobilised Gluconobacter 
oxydans providing the emulsion was pre-oxygenated (Adlercreutz & 
Mattiasson, 1982; Mattiasson & Adlercreutz, 1984). In these experiments 
conversion of glycerol to dihydroxyacetone was almost six times greater 
than in control cultures. Enhanced oxygen transfer was also reported using 
perfluorodecalin with Providencia sp. (Leonhardt et al., 1985), and Forane 
(F-66E) with Klebsiella oxytoca (Rols et al., 1988). Damiano and Wang 
(1985) observed increased growth rates of E. coli when cultured with pre- 
oxygenated perfluoromethyldecalin in a spray column fermenter. Culture 
with non-pre-oxygenated PFC did not result in stimulation of growth (King 
et al., 1988); hence pre-oxygenation of the PFC may play an important part 
in its success as an oxygen vector. 
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The first detailed report in the literature covering the effects of PFC on 
antibiotic production was that of Elibiol and Mavituna (1995). They built 
on previous work that showed that actinorhodin production by S. coelicolor 
A3(2) was oxygen limited (Ozergin & Mavituna, 1992). Using 
perfluorodecalin and perfluorodecalin plus pluronic F-68, they showed that 
with PFC alone, maximum biomass, actinorhodin production and substrate 
consumption rates increased with increasing PFC concentration. Results 
obtained showed that S. coelicolor could readily utilise the additional 
oxygen supplied and subsequently increase actinorhodin yields. Increase in 
PFC concentration beyond 50% (v/v), however, did not show any further 
improvement in the cultures. Emulsifying the PFC with Pluronic F-68 
resulted in a significant increase in antibiotic production whilst growth was 
unaffected. The inclusion of more than 4g/l pluronic alone in the 
fermentation did however affect growth of S. coelicolor. The results 
obtained by Elibiol and Mavituna (1995) show that the inclusion of PFC's 
and emulsified PFC's in secondary metabolite cultures may prove a very 
simple way of overcoming oxygen limitation and also increasing growth of 
the organism and product titre. 
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1.17 Project Objectives 
As can be seen from the conflicting nature of the published literature there 
is still much confusion as to the effect of oxygen limitation on antibiotic 
production. This project seeks to clarify the nature of the physiological 
effects brought about as a result of oxygen limitation and also to assess the 
impact of oxygen limitation upon screening for novel secondary 
metabolites. 
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2.1 Strains and Culture Conditions 
The organisms used in this study were Saccharopolyspora erythraea 
ATCC MG10534 and Amycolatopsis orientalis ATCC 19795. All cultures 
were incubated at 30°C. 
2.2 Media 
The stock strain of Saccharopolyspora erythraea MG10534 was 
maintained on plates and slopes of Tomato Juice Agar (TJA), and stored at 
4°C. This was a rich complex medium on which a high level of aerial 
mycelium development and spore formation was observed. The TJA 
medium consisted of 20gl-1 Agar Technical N°1 (Oxoid), 20g1-1 tomato 
puree and 20g1-1 Milupa oatmeal and apple baby food breakfast cereal. 
The stock strain of Amycolatopsis orientalis ATCC 19795 was maintained 
on plates and slopes of Malt Yeast Extract Agar (MYEA), and stored at 
4°C. This medium was found to produce more rapid and prolific growth of 
A. orientalis than concurrent trials with TJA. MYEA too was a rich 
complex medium that promoted aerial mycelium development and spore 
formation and consisted of 10g1-1 Agar Technical N°l (Oxoid), 10g1-1 Malt 
Extract (Oxoid) and 10g1-' Yeast Extract (Oxoid). 
The spores were removed from cultures on these plates and these were 
stored in a solution consisting of 15% glycerol and 85% Brain Heart 
Infusion (BHI) Broth (Oxoid) and stored in liquid nitrogen. This enabled 
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regular resuscitation of the stock strain, and allowed reference to a 
constant source, thus reducing the risk of the organism mutating during 
the course of the study. 
For the routine cultivation. of S. erythraea and A. orientalis, fresh plates of 
TJA and MYEA were produced respectively, from frozen stocks, these 
were then subcultured into nutrient broth (NB) (Oxoid), in order to 
generate liquid culture stock. 
For experimental purposes a series of chemically defined media were 
employed, as, unlike complex media, these enabled accurate determination 
of nutrient uptake by the growing organisms, in particular, carbon, nitrogen 
and phosphate uptake. These media were specifically formulated such that 
one was carbon (C-ltd), one nitrogen (N-ltd) and one phosphate limited (P- 
ltd). There was also a fourth (02-ltd) oxygen limited medium, formulated to 
be abundant in carbon, nitrogen and phosphorous. 
Ingredient C-ltd P-ltd N-ltd 02-ltd 
Glucose g1-1 15.00 30.00 30.00 50.00 
NaNO3 g1-1 11.12 11.12 2.38 11.12 
KH2PO4 g1-1 3.00 0.10 3.00 3.00 
K2HPO4 g1-1 7.00 - 7.00 7.00 
MOPS * g1-1 - 21.00 - - 
trace ml 1-1 10.00 10.00 10.00 10.00 
* 3-[N-morpholinolpropanesulphonic acid 
Figure 2.1: 'L'-SERIES MEDIA - Defined Medium Compositions. 
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Trace element solution was concentrated in order to give the following 
final concentrations: MgSO4.7H2O (0.25g. 1-1), FeSO4.7H20 (0.025g. 1-1), 
CuC12 (0.00053g. 1-'), CoC12 (0.00055g. 1-1), CaC12.2H20 (0.0138g. 1-1), 
ZnC12 (0.0104g. 1-1), MnC12 (0.0062g. 1-1), Na2MoO4 (0.0003g. 1-1). It was 
necessary to filter sterilise the trace elements separately from other medium 
components as a concentrate at pH 2.0, in order to prevent precipitation. 
The pH of all media was finally adjusted to pH 7.0. 
The glucose in all media was added aseptically, post-autoclaving, to 
prevent the occurrence of caramelisation, and subsequent loss of carbon 
source. The glucose was added as a concentrate, bringing the medium to 
its total final volume. 
2.3 Inoculum Preparation 
To minimise lag phase, increase reproducibility and reduce nutrient carry 
over effects, the following inoculation regime was devised. This protocol 
was used in the preparation of inoculum for both shake flask and 
bioreactor work. Using a sterile cork-borer, 7mm plugs were made in an 
agar plate containing confluent growth. Two of these plugs were removed 
from the plate and broken up by manipulation with a nichrome loop. This 
material was then used to inoculate 25ml of nutrient broth in a 250ml non- 
baffled Erlenmeyer flask equipped with a triangular magnetic stirrer bar. 
The flask was incubated at 30°C, on a magnetic stirrer platform, stirring at 
300 rpm for 48 hours. The use of a triangular stirrer bar introduced high 
shear forces in the flask and prevented the formation of pellets. This 
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material was then used to inoculate a 250m1 baffled Erlenmeyer flask 
containing 25ml of the appropriate `L'-series medium, at a concentration of 
5% v/v (1.25m1). This was then incubated at 30°C on a shaker platform at 
250rpm for 36 hours, before being used to inoculate the experimental 
media at a concentration of 5% v/v. This inoculum regime enabled the 
organism to adapt to the `L'-series media, thus reducing the encountered 
lag phase. 
2.4 Bioreactor System Design 
Culture of the organisms was carried out in an LH2000 series bioreactor 
equipped with a5 litre vessel (3.5 litre working volume), with top mounted 
probes and impeller shaft, fitted with twin Rushton turbines. Sterile air 
flow was provided by a Capex 2D-C air pump, via a base mounted 
sparger. Flow was measured using an Aalborg digital mass flow meter, air 
flow was controlled using a GA Platon Flo-Stat flow regulator. Dissolved 
oxygen tension (DOT), was determined using an Ingold polarographic 
oxygen electrode. To ensure accurate determination of DOT the probe was 
calibrated chemically rather than electrically, ensuring a more accurate and 
sensitive response to changes in 
approximately 24 hours after the vessel 
allowed the probe and its membrane to 
the air supply was turned off and the 
nitrogen gas, giving an effective zero 
reconnected and left for several hours 
DOT. Calibration was begun 
had been filled with medium, this 
fully hydrate. Prior to inoculation 
vessel flooded with oxygen free 
point. The air supply was then 
to resaturate the medium, and the 
100% saturation point calibrated. This process was repeated once more to 
ensure accuracy of calibration, the vessel was then ready for inoculation. 
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Foaming was totally eliminated from the bioreactor by the addition of 
0.01% Breox FMT30 (Water Management, Gamlen) to the medium prior 
to autoclaving. This was found to be an extremely effective antifoam. All 
cultures were carried out at 30°C, temperature was controlled using a 
combination heating/cooling PID system. 
2.5 Biomass Concentration Determination 
Culture biomass concentration was determined by dry weight 
measurement. Gelman 0.45µm cellulose acetate membrane filters were 
dried in a microwave oven (high power, 6 minutes), desiccated overnight 
and weighed. Weighed membrane filters were washed in 0.01 % (v/v) 
Tween 80, placed in a filter unit, and rinsed with 20ml reverse osmosis 
(Ro) water. 5ml of shaken sample was filtered and then washed with 30ml 
reverse osmosis water, to remove any remaining debris. The filters were 
then dried in a microwave oven and desiccated for 24 hours before 
weighing. Biomass estimations were performed in triplicate for each 
sample point, this allowed calculation of the mean and standard deviation 
of the biomass data. 
2.6 Culture Liquid Collection 
Culture liquid was collected by centrifuging culture samples at 3000rpm 
for 10 minutes, and carefully removing the supernatant. This liquid was 
stored in Eppendorf tubes at -20°C, and was used to study bioactive 
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metabolite production and nutrient utilisation by the culture. Samples, once 
thawed were not re-used. 
2.7 Erythromycin and Vancomycin Bioassays 
Erythromycin and vancomycin concentrations were determined by punch 
plate bioassay, using the challenge organism Arthrobacter citreus. A. 
citreus was grown in a 250m1 Erlenmeyer flask containing 25ml of nutrient 
broth, this was incubated on a shaker platform at 250rpm at 30°C for 24 
hours. Molten nutrient agar (250ml), at approximately 40°C was seeded 
with lml of the neat A. citreus overnight culture, and poured into a large 
bioassay plate (InterMed, Nunc). The agar was allowed to set and then 
further solidified by storage at 4°C for 2 hours, surface moisture was then 
evaporated in a laminar flow cabinet. 7mm wells, in a6x6 pattern, were 
punched in the agar using a hollow stainless steel tube attached to a suction 
pump. Standard concentrations, 10,20,40,60,80, and 100µgml-1 were 
made from Sigma dry powder preparations for both antibiotics. 100µl 
volumes were placed randomly in the wells in duplicate. The duplicity of 
sampling and random placement of the samples helped reduce the error 
introduced by the varying thickness of agar and inoculum throughout the 
plate, and subsequently the varying diffusion rates of the bioactive 
metabolite. The samples were defrosted at room temperature and diluted, if 
necessary, to within the standards concentration range. l00µ1 volumes 
were placed in the wells in duplicate, once again randomly. The bioassay 
plate was incubated at 30°C for 24 hours, to allow growth of A. citreus and 
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diffusion of the bioactive metabolite. A further 24 hour incubation period at 
room temperature served to clarify inhibition zone borders. 
Mean zone diameters produced by the standard antibiotics were measured 
to the nearest 0.1n n and a plot of log antibiotic concentration versus zone 
diameter squared produced a straight line. Concentrations of antibiotic 
contained in the samples were determined by incorporating their zone 
diameter values into the equation of the straight line and calculating the 
inverse [qg. If samples were diluted prior to bioassay, final concentrations 
were obtained by multiplying by the dilution factor. If diluted samples 
produced no zone of inhibition, the bioassay was repeated using neat 
undiluted sample. 
The use of bioassay for determining antibiotic concentration suffers from 
both a lack of specificity and accuracy. With respect to specificity, the 
growth of the challenge organism may be affected by a number of factors, 
including sample pH, medium nutrients, and also the bioactivity of a 
metabolite other than that being studied, be it a primary or secondary 
metabolite. 
Confirmation of actual erythromycin production was achieved using high 
performance liquid chromatography (HPLC), (Hilary Lynch, personal 
communication). A Shandon Hypersil C18 BDS column was connected to 
a Spectra Physics SP 8800 HPLC system containing a tunable UV detector 
set at 210nm. The mobile phase consisted of acetonitrile, methanol, 0.2M 
ammonium acetate, and reverse osmosis (Ro) water (25: 10: 10: 50), and 
was supplied at a flow rate of 0.1 ml/min. De-gassing of mobile phase was 
achieved by flushing with helium gas. Erythromycin (Sigma, E-6376) 
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standard was used and a peak obtained at 3.00 minutes for both standard 
and active samples. A peak was detected only at high concentrations of 
erythromycin and therefore the HPLC technique was unable to be used 
routinely for the quantitative analysis of the samples. 
2.8 Glucose Assay 
Glucose concentrations were determined by the method of Trinder (1969), 
using a commercially available assay kit (Sigma ; Cat. No. 315 500). 
2.8.1 Assay Principles 
The principle of this assay, as shown in Figure 2.2, is the enzymatic 
conversion of glucose to gluconic acid and hydrogen peroxide. The 
hydrogen peroxide formed by the reaction reacts via a peroxidase enzyme 
with 4-aminoantipyrine and p-hydroxybenzene sulphonate to form a 
red/pink quinoneimine dye, with an absorbancemaximumat 505nm. The 
intensity of the resultant colour produced is directly proportional to the 
quinoneimine dye concentration and hence the glucose concentration in the 
sample. 
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Glucose Oxidase 
Glucose + H20+02 Gluconic Acid + H202 
H202 + 4-Aminoantipyrene + p-Hydroxybenzene Sulfonate 
Peroxidase 
110- Quinoneimine Dye + H2O 
Figure 2.2: The Chemical and Enzymic Reactions Involved in the Determination 
of Substrate Glucose Using the Trinder (1969) method. 
2.8.2 Assay Details 
The assay kit is accurate in a glucose range of 0.1-2.0 gl-1. Standard 
concentrations were made using 1000 µgml-1 stock glucose solution 
(Sigma) and diluted to concentrations of 750,600,450,300,150, and 0 
µgml-1. In order to bring sample glucose concentrations into the assay kit's 
range it was necessary for them to be diluted using reverse osmosis (Ro) 
water. Culture liquid from 02-ltd, N-ltd and P-ltd media was diluted by a 
factor of 50, while that from C-ltd medium was diluted by a factor of 25. 
Any tests negative for the presence of glucose were repeated using neat 
culture liquid. 
50µ1 of the samples/standards were placed into cuvettes. A vial of glucose 
assay reagent (Sigma) was reconstituted using 100ml reverse osmosis (Ro) 
water and 1.5m1 added to each cuvette. The reaction was allowed to 
continue at room temperature for 20 minutes, after which the absorbance 
was measured using a spectrophotometer set at wavelength 505nm. 
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A plot of absorbance versus glucose concentrations of the standards 
produced a straight line from which sample glucose concentrations were 
calculated using the equation of the straight line. 
2.9 Nitrate Assay 
Nitrate concentrations were determined by the method of Beutler and 
Wurst (1986), using a commercially available assay kit (Boehringer 
Mannheim ; Cat. No. 905 658). 
2.9.1 Assay Principles 
Nitrate is reduced by reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), to nitrite, in the presence of the enzyme nitrate reductase (NR). 
NR 
Nitrate + NADPH + H+ 4 Nitrite + NADP+ + H2O 
Figure 2.3 : The Chemical and Enzymic Reactions Involved in the Measurement 
of Substrate Nitrate. 
The amount of NADPH oxidised during the reaction is stoichiometric with 
the amount of nitrate present. The decrease in NADPH concentration with 
time is measured by means of its absorbance at 334,340 or 365nm. 
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2.9.2 Assay Details 
In order to bring nitrate concentration into the range of the assay, 0-0.3g. 1-1 
culture liquid from 02-ltd medium was diluted by a factor of 100, while 
that from P-ltd and C-ltd media was diluted by a factor of 10. Culture 
liquid from N-ltd medium was used undiluted. 
2.10 Phosphate Assay 
Phosphate concentrations were determined by the colorimetric method of 
McDermott et al., (1991). 
2.10.1 Assay Principles 
Acetone, 2.5M sulphuric acid and 10mM ammonium molybdate 
((NH4)6Mo7O4.4H20) were mixed in the ratio 2: 1: 1 respectively to give 
ASA solution. 4ml of ASA solution was added to 0.5ml culture liquid and 
then 0.4m1 of IM citric acid was immediately added. The intensity of the 
colour change is measured at 355nm and is directly proportional to the 
phosphate concentration of the sample. 
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2.10.2 Assay Details 
In order to bring phosphate concentration into the range of the assay, 
culture liquid from 02 -ltd, N -ltd, and C -ltd media was diluted by a factor 
of 100. Culture liquid from P-ltd medium, was used undiluted. Standard 
solutions were used at 100,80,60,40,20 and Oµgml-1 phosphate (added 
as KH2PO4) . 
2.11 Adenylate Energy Charge Determination 
Adenylate Energy Charge (AEC) was determined using the method of 
Atkinson and Walton (1967) using the Lumac AEC Kit (Sonco Ltd., Cat. 
No. 9281-0). 
2.11.1 Assay Principles 
ATP is assayed by bioluminescence using the firefly luciferase enzyme 
assay, according to the following reaction 
luciferin + luciferase + ATP *(luciferin-luciferase-AMP) + PPi 
(luciferin-luciferase-AMP) + 02 
Jr 
oxyluciferin + luciferase + CO2 + AMP + LIGHT 
Figure 2.4: The Chemical and Enzymic Reactions Involved in the Measurement 
of Intracellular ATP. 
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The light emitted is measured in a sensitive dedicated luminometer and is 
proportional to the quantity of ATP present in the sample. ADP and AMP 
are measured following enzymic conversion to ATP as follows :- 
ADP + phosphoenol pyruvate 0- ATP + pyruvate 
pyruvate 
kinase 
AMP + ATP * 2ADP 
adenylate 
kinase 
Figure 2.5: The Enzymic Reactions Involved in the Conversion of AMP and ADP 
to Quantifiable ATP. 
2.11.2 Preparation of Cell Extracts 
2m1 of culture sample was taken to which was added 2m1 of 0.08% 
Benzethonium Chloride (BEC) in Hepes buffer(Hepes; 5.9575g1-', EDTA; 
0.745g1-1, MgSO4.7H20; 1.8488g1-1,1M NaOH; 23.25m11-1), this was then 
vortexed for 30 seconds. Following vortexing 2m1 of 2.2% Tween 80 in 
Hepes buffer (as above) was added and vortexed for a further 30 seconds. 
The sample was then aliquoted into 1ml eppendorfs and dropped into 
liquid nitrogen. Samples after immediate freezing were stored at -20°C 
until analysis. 
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2.11.3 Sample Analysis 
For assay, cell extracts were allowed to defrost and then diluted 1 in 10 
using the BEC solution, previously employed in cell breakage. Standard 
ATP solutions were used at 0.01,0.001, and 0.0001µgml-1 and were 
measured in a cuvette containing duplicates of extract, ('internal 
standardisation'). By calculating the contribution to luminescent intensity 
of a known quantity of ATP it was possible to determine the actual ATP 
content of the cell extract. This method of internal standardistaion also 
eliminated the effects of interference by cell components or increased 
biomass. Bioluminescence was measured in a Lumac Biocounter/3M 
2020A. 
2.12 Macromolecular Synthesis Rates: (In Vivo Measurement) 
The macromolecular synthesis rate was determined by the method used by 
Wilson and Bushell (1995), measuring the rate at which radiolabelled 
precursors were incorporated into a microorganism over a period of time. 
A sample (15ml), was taken from a bioreactor, to which radiolabelled (H3) 
leucine was added. The radiolabel used being specific for the particular 
macromolecular synthesis rate being measured. To determine the rate of 
protein synthesis, leucine was used. 
The 15m1 of culture was placed in a 250m1 Erlenmeyer flask, containing 
the radiolabelled leucine and was incubated at 30°C for 25 minutes in a 
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shaking water bath. Every 5 minutes, two I ml duplicate samples were 
taken from the flask. The samples were placed in a universal containing 
5m1 of ice cold 10% trichloroacetic acid (TCA), to prevent further 
incorporation of the radiolabel. 
After 25 minutes the samples collected were separately filtered onto glass 
microfibre filters (Whatman GF/C, 25mm diameter), and were washed 
twice with ice cold 5% TCA. The filters were then allowed to fully dry 
before they were transferred to scintillation vials. 4m1 of scintillation fluid 
was added to each vial (Optiphase Safe, LKB Liquid Scintillation 
Products), the vials were then counted in a scintillation counter (Wallac 
1410, `Easy Count' Program). From this data a line indicating the rate of 
radiolabel incorporation can be drawn and hence the rate of protein 
synthesis can be calculated. 
2.13 Measurement of Vancomycin Biosynthetic Capacity 
The functioning of the vancomycin biosynthetic pathway was determined 
in vivo using a modification of the method used by Sanchez and Brana 
(1996), employing a concentrated suspension of washed cells. A 25ml 
volume of culture was removed from the bioreactor, to which was added 
50µgm1-1 chloramphenicol. The culture was vortexed thoroughly for 2 
minutes, this was in order for the chloramphenicol to act and arrest the 
protein synthesis of A. orientalis. This allowed a `snap-shot' of the enzymic 
pool of the organism during culture. The cells were then centrifuged at 
3000rpm for 5 minutes and washed and re-suspended 3 times with fresh C- 
ltd medium. Finally the cells were re-suspended in 2ml of fresh C-ltd 
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medium and incubated at 400 rpm at 30°C. After 8 hours incubation the 
cells were centrifuged at 3000 rpm for 10 minutes, and the supernatant 
collected. The 2ml of supernatant was then freeze-dried till dryness and re- 
constituted in 20Oµ1 of fresh C-ltd medium for subsequent bioassay (see 
section 2.7). For method validation see Appendix 1. 
2.14 Measurement of Dissolved Oxygen Tension in Small 
Scale Cultures 
Baffled and non-baffled 250m1 Erlenmeyer flasks, and 190 x 22mm test 
tubes were employed as small scale culture vessels, the latter being used 
routinely by Glaxo Wellcome in its novel metabolite screening programme. 
The Erlenmeyer flasks contained 50m1 of culture, with the tubes containing 
10ml of culture. All vessels were shaken at 250 rpm, though the tubes were 
angled at 30° to the vertical to improve mixing of the cultures. The oxygen 
transfer coefficients (kla, h-1) were as follows: unbaffled flask, 115; baffled 
flask, 273; tube, 186 (Glaxo Wellcome, personal communication). For 
each vessel type, dissolved oxygen concentration was measured 
continuously in a single representative vessel using a miniature 
polarographic (Brown, 1970) dissolved oxygen electrode (Neonatal 
Oxygen Catheter, size 5Fr, Biomedical Sensors). The electrodes had been 
developed for monitoring the dissolved oxygen concentration in the blood 
vessels of neonates (Pollitzer et at., 1980), and was therefore considered to 
have potential use in the restricted size environment of the small-scale 
culture vessels. 
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Electrode tips (1.75mm diameter, 2mm long), were aseptically inserted into 
the base of sterile vessels by means of a glass side arm and compression 
fitting (Figure 4). 
moo 
AM 
0 
ý% Iým 
Compression Insert Soft Plastic 
Washer 
Screw Nut 
Figure 2.6: The Compression Fitting Used to Seal the Oxygen Microprobe in 
Small Scale Vessels. 
A silicone based glue was used to seal the insert, this ensured the integrity 
of the seal preventing contamination or culture leakage. In order to 
minimise changes to the fluid dynamics within the culture vessel, only the 
2mm long sensing tip of the electrode extended into the body of the vessel 
(Figures 2.7 & 2.8). Extensive work carried out within the Antibiotic 
Research Group (Clark, 1993), confirmed the suitability of the electrodes 
for the monitoring of the oxygen status of small-scale cultures. 
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glass side-arm microprobe 
Figure 2.7: The Use of a Dissolved Oxygen Microprobe in an Erlenmeyer Flask. 
micr. pr"M 
tip 
Figure 2.8: The Use of a Dissolved Oxygen Microprobe in a Tube. 
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/f 
glass side-arm micr"pr"oe 
After insertion into the chosen vessel the electrode was connected to a 
dedicated monitor (Neocath 1000, Biomedical Sensors) and chart recorder. 
Prior to calibration the electrode membrane was allowed to hydrate for 
approximately 2 hours in the culture medium under experimental 
conditions. The signal from the electrode following this hydration period 
was assumed to represent 100% air saturation and the instrument range 
setting adjusted accordingly. The effective zero of the electrode was then 
determined by aseptically flushing the culture vessel and medium with 
sterile (filtered) oxygen-free nitrogen gas. This was achieved via a lml 
pipette inserted via the mouth of the flask, with positive pressure always 
being maintained. Zero values ranged from 2-10% for different electrodes, 
and this value was used retrospectively to re-scale readings in order to 
obtain true values of dissolved oxygen concentrations. 100% air saturation 
of the media was re-established prior to inoculation. The electrode signal 
was highly stable during rotary shaking, dissolved oxygen concentration 
values fluctuating by only 2% over 3 hours prior to inoculation. Similar 
electrode behaviour was also observed by Clark, (1993). 
2.15 Oxygen Uptake Rate Determination 
Exit gas from the bioreactor was analysed in order to determine the oxygen 
uptake rates of the culture. The percentages of oxygen and carbon dioxide 
in the exit gas were measured using the Sybron/Taylor Servomex Oxygen 
Analyser and the ADC Carbon Dioxide Analyser respectively. These 
values were used in the following equation to determine Oxygen Uptake 
Rate (OUR) :- 
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79.07 x X02 out 
02in -x Litres Air In 
OUR = loo-(o 2out + C02out) 
92.54 
2.16 Statistical Analysis 
2.16.1 Standard Deviation 
Throughout the study, wherever possible, all parameters were measured in 
triplicate. All these results were statistically analysed for standard 
deviation. 
s2=Ix2-(EX)2 
n 
n-1 
standard deviation = ßs2 
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2.16.2 Chi-Squared Test 
The Chi-Squared Test was used to statistically analyse data collected from 
the Glaxo Wellcome bioactive metabolite screen. 
x2 = «0 - E) 
2 )IE 
Where 0= Observed frequencies 
E= Expected frequencies 
Once Chi-Squared was calculated and degrees of freedom determined, the 
probability (p) of an event was determined from a Chi-Squared table. It 
was then decided whether the probability deviated significantly p=0.05; 
5 %) from the null hypothesis i. e. the predicted outcome. 
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3.1 Objective 
To investigate the effect of oxygen limitation on antibiotic biosynthesis and 
its relevance in antibiotic screening programmes. 
3.2 Summary 
Using defined media, two known antibiotic producing species were 
subjected to a variety of nutrient limitations, including oxygen, carbon, 
nitrogen and phosphate; allowing oxygen to be compared to more 
traditionally used limitations. Cultures were grown in Erlenmeyer flasks as 
opposed to bioreactors in order to simulate conditions in a natural products 
screen as closely as possible. 
It was found that oxygen limitation was effective at down-regulating 
growth rate, and was able to stimulate the production of erythromycin by 
Saccharopolyspora erythraea. In addition a novel secondary metabolite, a 
red pigment, was also produced under oxygen limitation. This indicates 
that oxygen limitation deserves equal status with other types of nutrient 
limitation as a potential means of stimulating secondary metabolite 
production in screening programmes. Conversely the production of 
vancomycin by Amycolatopsis orientalis was repressed by oxygen 
limitation, thus warning of the adverse effects of unintentional oxygen 
limitation occurring in a screen, effectively reducing product diversity. 
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3.3 Experimental Outline 
Time-course Erlenmeyer flask cultures of S. erythraea and A. orientalis 
were carried out in C-ltd, N-ltd, P-ltd and 02-ltd media. Each medium was 
specifically formulated to down regulate culture growth rate by a specific 
nutrient (carbon, nitrogen, phosphorous and oxygen). The effect of specific 
nutrient limitations upon erythromycin production kinetics has previously 
been demonstrated by McDermott et al. (1993). The oxygen-limited 
medium was formulated to contain relatively high concentrations of 
carbon, nitrogen and phosphorous, so that rapid growth would occur with a 
resulting high biomass, and consequently oxygen-limitation. Oxygen 
limitation was also ensured by using culture vessels of low aeration 
efficiency i. e. unbaffled 250m1 Erlenmeyer flasks containing 50m1 culture 
volume and agitated at only 150 rpm. Confirmation of growth-limiting 
nutrient was facilitated by using fully defined media containing single 
nutrient sources which could subsequently be assayed. Samples were taken 
at 8-12 hour intervals and biomass, antibiotic, glucose, nitrate and 
phosphate concentrations determined. Duplicate flasks were taken at each 
sample point in order to compensate for flask to flask variations. The 
oxygen status of each culture was monitored continuously in a single 
Erlenmeyer flask using a miniaturised polarographic dissolved oxygen 
electrode. 
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3.4 Results & Discussions 
The intended nutrient limitations were achieved in each medium, with 
S. erythraea and A. orientalis showing similar growth dynamics under 
each type of nutrient limitation. Initiation of secondary metabolism in 
response to nutrient limitation was, however, markedly different for each 
organism. 
3.4.1 Oxygen-Limited Medium 
In oxygen-limited medium, dissolved oxygen tension (DOT) fell almost to 
zero when biomass had reached around 3.3g1-1, in both S. erythraea 
(Figure 3.1) and A. orientalis cultures (Figure 3.2). Oxygen limitation 
occurred in the S. erythraea culture at around 60 hours (Figure 3.1) before 
the culture had reached maximum biomass concentration. 
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Figure 3.1: Flask Culture of S. erythraea in Oxygen Limited Medium. 
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Figure 3.2: Flask Culture of A. orientalis in Oxygen Limited Medium. 
In the case of A. orientalis, oxygen limitation coincided with the culture's 
entrance into stationary phase, at around 70 hours (Figure 3.2). This was 
around the point of maximum biomass concentration of the culture. 
Maximum biomass concentration of the A. orientalis culture reached 
around 3.5g1-1, the biomass concentration at which 0% DOT was also 
observed in the S. erythraea culture. One can speculate that since the 
growth of S. erythraea continued, to reach a maximum biomass 
concentration of around 6.5g1-1, the disparity between oxygen supply rate 
and oxygen demand rate of the culture, would have increased further. It is 
important to remind ourselves here that unlike glucose or nitrate, a zero 
dissolved oxygen concentration reading does not necessarily indicate 
complete oxygen exhaustion but that the oxygen uptake rate (OUR) of the 
growing culture is equal to or greater than the oxygen supply rate of the 
culture vessel. Further deficits in supply and demand rate, can obviously 
not register as anything lower than the 0% DOT, however it is reasonable 
to speculate that in the instance of S. erythraea, the oxygen requirement of 
the culture at 80 hours are greater than that at 60 hours, although the DOT 
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of the culture still displays 0%. DOT of the cultures remained at this base 
level of around 0% with growth proceeding at a reduced rate for around a 
further 45 hours (Figures 3.3 & 3.4). 
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Figure 3.3: Estimation of Down Regulation of Specific Growth Rate of 
S. erythraea During Growth in Oxygen Limited Medium. 
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Figure 3.4: Estimation of Down Regulation of Specific Growth Rate of 
A. orientalis During Growth in Oxygen Limited Medium. 
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Oxygen limitation was effective at down regulating growth rate of both 
S. erythraea (Figure 3.3) and A. orientalis (Figure 3.4). However, it 
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appeared that oxygen limitation did not have such a dramatic effect upon 
the growth (Figure 3.1) and specific growth rate of S. erythraea (Figure 
3.3) as it did upon A. orientalis (Figure 3.4). It is also important to note that 
all other nutrients i. e. carbon, nitrogen and phosphate, were in excess 
during growth rate down regulation, and hence the effect can be attributed 
to that of oxygen limitation. S. erythraea continued to grow and produce 
biomass under conditions of extreme oxygen limitation. It can be 
speculated that S. erythraea was better adapted or equipped to deal with 
the physiological pressures of survival and growth under oxygen limitation. 
This physiological advantage may appear via inherent properties of the 
organism such as low oxygen requirement enzyme systems and/or by the 
utilisation of developed adaptive systems that are able to respond to low 
oxygen concentrations and hence initiate such enzyme systems. 
This reduction in growth rate under oxygen-limitation is consistent with the 
findings of Jansen and Tsao (1984) and Clark et al., (1995). Chen and 
Wilde (1991) also observed reduction in growth of Streptomyces fradiae 
when DOT fell below 25%, similar effects have also been noted upon the 
growth of Penicillium chrysogenum (Vardar & Lilly, 1982; Larsson & 
Enfors, 1988) under reduced aeration in submerged culture. 
Earlier studies (Rollins et al., 1988,1990 ; Chen & Wilde, 1991 ; Virgilio 
et al., 1964) only exposed the producer organism to relatively short 
periods of oxygen-limited growth as opposed to sustained exposure to 
oxygen limitation, experienced during this experiment. Clark (1993), 
speculated that the ability to sustain growth at very low DOT may 
be 
important for survival and competition in the natural environment, with 
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microaerophilic conditions perhaps occurring in waterlogged or compacted 
soils. Microaerophilic growth has been reported in several genera of 
actinomycetes, including Agromyces, Arachnia, Oerskovia and Rothia 
(Lechevalier & Lechevalier, 1981). 
We can speculate that the organisms involved would have undergone some 
form of cellular or biochemical adaptation to survive the oxygen limited 
conditions. These adaptations may have involved streamlining of 
biosynthetic ability and hence energy requirements (Jansen & Tsao, 1983), 
and perhaps adaptations to the cytochrome spectra of the organisms in an 
attempt to increase oxygen availability to the cell (Moss, 1952; Poole, 
1993), such adaptations may be the result of the expression of hypoxic 
genes (Zitomer & Lowry, 1992). Such adaptations may be responsible for 
the ability of S. erythraea to continue growth and biomass formation under 
oxygen limited conditions, however, from the data gathered it is impossible 
to identify the actual adaptive responses of the organism. 
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3.4.2 Phosphate-Limited Medium 
When S. erythraea and A. orientalis were cultured in phosphate limited 
medium, phosphate was the first nutrient to become exhausted in both 
cultures. The phosphate-limited status of these cultures had been 
established by other workers in this laboratory (Clark, 1993; Martin, 
1994). 
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Figure 3.5: Utilisation of Phosphate During Growth of S. erythraea in Phosphate 
Limited Medium. 
In the S. erythraea culture, phosphate was exhausted after around 40 hours 
of growth (Figure 3.5). Phosphate exhaustion occurred later in the 
A. orientalis culture at around 70 hours, and coincided with the organism's 
entry into stationary phase (Figure 3.6). 
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Figure 3.6: Utilisation of Phosphate During Growth of A. orientalis in Phosphate 
Limited Medium. 
Following phosphate exhaustion, growth was sustained at a reduced rate 
for around 50 hours in the case of S. erythraea (Figure 3.5), and around 30 
hours in the case of A. orientalis (Figure 3.6), whereupon cell lysis 
occurred, which coincided with the exhaustion of glucose from the 
medium. The initial period of phosphate limitation was, therefore, followed 
by a brief period of glucose / phosphate dual limitation. 
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Figure 3.7: Estimation of Down Regulation of Specific Growth Rate of 
S. erythraea During Growth in Phosphate Limited Medium. 
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Figure 3.8: Estimation of Down Regulation of Specific Growth Rate of 
A. orientalis During Growth in Phosphate Limited Medium. 
Phosphate limitation was effective at down regulating the growth rates of 
both S. erythraea (Figure 3.7) and A. orientalis (Figure 3.8). Throughout the 
experiment, the DOT of both S. erythraea (Figure 3.9) and A. orientalis 
(Figure 3.10) remained above 80%, and hence it can be assumed that 
oxygen did not become a growth-limiting nutrient. 
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Figure 3.9: Flask Culture of S. erythraea in Phosphate Limited Medium 
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Figure 3.10: Flask Culture of A. orientalis in Phosphate Limited Medium 
Following the exhaustion of phosphate, at around 40 hours in the case of 
S. erythraea and 70 hours in the case of A. orientalis, the oxygen 
requirements of the culture steadily decreased i. e. DOT increased even 
though growth still proceeded (Figure 3.10). This may have been due to 
phosphate limitation reducing ATP production rate, consequently reducing 
the energy-producing ability of the culture and hence reducing its 
respiratory requirements. The observed growth kinetics of both 
S. erythraea and A. orientalis under phosphate limitation, are very similar to 
those observed by Clark (1993). 
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3.4.3 Nitrogen-Limited Medium 
When S. erythraea and A. orientalis were cultured in nitrogen limited 
medium, nitrogen was the first nutrient to become exhausted, in both 
cultures . 
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Figure 3.11: Utilisation of Nitrate During Growth of S. erythraea in Nitrogen 
Limited Medium. 
In the S. erythraea culture, nitrate was exhausted after around 40 hours of 
growth (Figure 3.11), which coincided with the organism entering a 
protracted stationary phase. In the A. orientalis culture, nitrate became 
exhausted after around 60 hours of growth (Figure 3.12), here also, the 
organism was seen to enter a lengthy stationary phase, during which 
growth continued in the absence of residual nitrogen. 
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Figure 3.12: Utilisation of Nitrate During Growth of A. orientalis in Nitrogen 
Limited Medium. 
This `cryptic' growth (Chapman & Gray, 1986; Mason & Hamer, 1987), 
i. e. in this instance, growth in the absence of medium nitrogen was also 
observed with phosphate in the phosphate limited cultures, however it is 
more obvious in the nitrogen limited cultures. The observation has also 
previously been noted with S. erythraea (Clark, 1993; Wilson & Bushell, 
1995) and A. orientalis (Clark, 1993) in both nitrogen and phosphate 
limited medium. This phenomenon suggests that nitrogen sources are 
efficiently and effectively recycled within the cell, following exhaustion of 
the available nitrogen from the medium. One can speculate that `less 
essential' molecules become candidate for recycling in order to generate 
nitrogen for more pressing requirements. This would ensure, at least in the 
short term, a ready supply of `essential' molecules. Obviously there is a 
finite number of times this recycling can be carried out before it is 
necessary to dip into the pool of `essential' molecules. this then 
compromises the integrity and viability of the organism. 
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Following nitrate exhaustion of the S. erythraea culture, growth proceeded 
at a reduced rate for approximately 60 hours (Figures 3.13), whereupon 
cell lysis occurred, coinciding with the exhaustion of glucose from the 
medium.. Nitrogen limitation was effective at down regulating the growth 
rate of S. erythraea. 
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Nitrogen limitation was also effective at down regulating the growth rate of 
A. orientalis, with growth proceeding at a reduced rate for around 60 hours 
following nitrogen exhaustion (Figure 3.14). 
Throughout the batch culture of both S. erythraea (Figure 3.15) and 
A. orientalis (Figure 3.16), the DOT remained above 80% and hence it can 
be assumed that oxygen did not become a growth-limiting nutrient. 
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Figure 3.15: Flask Culture of S. erythraea in Nitrogen Limited Medium. 
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Figure 3.16: Flask Culture of A. orientalis in Nitrogen Limited Medium. 
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The nutrient utilisation pattern was similar to that observed during growth 
in phosphate-limited medium. Following the depletion of nitrate, the 
oxygen requirements of both the S. erythraea (Figure 3.15) and A. orientalis 
(Figure 3.16) cultures steadily decreased. DOT increased even though 
growth was still proceeding, albeit at a reduced rate. Following the model 
proposed by Wilson and Bushell (1995), (see p. 34), it can be postulated 
that this drop in growth rate is a result of nitrogen-limitation reducing the 
supply of amino acids for protein synthesis. This would result in less ATP 
being required for amino acid activation, and therefore the cellular 
metabolic activity would be reduced. It can be postulated that this would 
reduce the respiratory requirements of the cell. 
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3.4.4 Carbon-Limited Medium 
When S. erythraea and A. orientalis were grown in carbon limited culture, 
glucose was the first and only nutrient to become exhausted in both 
cultures, with lysis occurring at the point of glucose exhaustion. 
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Figure 3.17: Utilisation of Glucose During Growth of S. erythraea in Carbon 
Limited Medium. 
In the S. erythraea culture, glucose became exhausted at around 60 hours, 
with a concurrent drop in biomass concentration as a result of cell lysis 
occurring following carbon source exhaustion (Figure 3.17). 
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Figure 3.18: Utilisation of Glucose During Growth of A. orientalis in Carbon 
Limited Medium. 
In the culture of A. orientalis, glucose became exhausted at around 70 
hours, this too resulted in a concurrent reduction in biomass concentration 
as a result of cell lysis occurring following carbon source exhaustion 
(Figure 3.18). Carbon limitation was effective at down regulating the 
specific growth rate of S. erythraea, growth proceeded at a greatly reduced 
rate after about 40 hours of culture (Figure 3.19) 
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A. orientalis During Growth in Carbon Limited Medium. 
Carbon limitation did not have such a dramatic effect upon the specific 
growth rate of A. orientalis (Figure 3.20). Growth rate did not sharply drop, 
as was observed in S. erythraea (Figure 3.19), but gradually decreased 
throughout the duration of the culture. It can be speculated that 
A. orientalis possesses a higher affinity glucose system, a result of which is 
that it is not as adversely affected by low glucose concentrations as 
S. erythraea. 
Throughout the time course of both S. erythraea (Figure 3.21) and 
A. orientalis (Figure 3.22), the DOT remained above 80% and hence it can 
be assumed that oxygen did not become a growth-limiting nutrient. 
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Figure 3.21: Flask Culture of S. erythraea in Carbon Limited Medium. 
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Figure 3.22: Flask Culture of A. orientalis in Carbon-Limited Medium. 
Lysis occurred at the point of glucose exhaustion in all media except the 
oxygen-limited formulation, where glucose did not become exhausted over 
the duration of culture. This suggests that vegetative cells of S. erythraea 
and A. orientalis are unable to survive even brief exposure to carbon- 
source exhaustion. Similar observations have been found in other 
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actinomycetes (Grootwassink, 1976). It may be postulated that under no 
growth conditions did S. erythraea or A. orientalis synthesise intracellular 
storage compounds from excess medium glucose. Conversely both 
organisms were able to survive and grow following the exhaustion of 
phosphate or nitrate from the medium. This `cryptic' growth suggests that 
phosphorous and nitrogen sources can be effectively recycled within the 
cell following medium exhaustion. This nutrient recycling presumably 
operates via a molecular hierarchical scheme whereby less immediately 
necessary molecules are deemed more recyclable in order to maintain the 
availability of essential molecules. However, as mentioned previously, the 
intracellular recycling of molecules, in order to generate `essential' 
molecules, suffers from the drawback that it can only operate a finite 
number of times. In the natural environment this time span may prove 
sufficient, with the dynamic nature of the surroundings presenting constant 
changes in the nutrient concentration of the micro-habitat. However, in the 
artificial environment of the flask or bioreactor, no new nutrients are made 
available and hence the emergency procedures of the organism are initiated 
with no intervention of stimuli to stop them, this ultimately results in the 
death of the organism. Clark (1993) speculated that S. erythraea and 
A. orientalis are rarely subject to carbon-source exhaustion in the natural 
environment, and hence have not evolved such elaborate mechanisms for 
storing or re-cycling carbon-sources. In contrast, phosphorous- and 
nitrogen-source exhaustion may be common in the natural environment, 
and this may account for the evolution of mechanisms for intracellular 
recycling of these nutrients. This hypothesis may be borne out by findings 
that nutritional insufficiency is the most common extreme of the natural 
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environment encountered by microorganisms (Neijssel & Tempest, 1979 ; 
Mateju et al., 1985). 
3.4.5 Secondary Metabolite Production 
3.4.5.1 Saccharopolyspora erythraea 
S. erythraea produced erythromycin under all four forms of nutrient 
limitation (Figure 3.23). The culture liquid of oxygen- and phosphate- 
limited cultures was observed to turn red, during the periods of oxygen and 
phosphate limitation respectively. The red pigment was produced in 
addition to erythromycin, with no such pigment being detected in 
nitrogen- and carbon-limited cultures, this supports previous findings of 
Clark (1993) and Clark et al., (1995). The nature, observations and 
tentative structure of the red pigment may be found in Appendix 2 
(Personal Communication; T. Paulus et al., Abbott Laboratories, 
N. Chicago). 
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growth-limiting 
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Figure 3.23: The Effect of Different Types of Nutrient Limitation on Secondary 
Metabolite Production by Saccharopolyspora erythraea. 
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3.4.5.2. Am colatopsis orientalis 
A. orientalis produced vancomycin under only two forms of limitation, with 
the organism failing to produce under carbon- and oxygen-limited 
conditions (Figure 3.24). In order to attribute this phenomenon to oxygen 
limitation and not another medium insufficiency it was necessary to carry 
out an oxygen- sufficient culture in the high nutrient concentration medium 
employed in the previous experiment. This was achieved by increasing 
aeration of the culture ; using baffled Erlenmeyer flasks, reducing culture 
volume to 25ml and increasing shaker speed to 250rpm. Under these 
conditions vancomycin was produced, confirining that oxygen-limitation 
was repressing the biosynthesis of vancomycin. The finding that 
vancomycin production is repressed by carbon-limitation contradicts that 
of Clark (1993), however the production levels found in this prior 
investigation were very low and may possibly be the result of metabolite 
carry over from the inoculum stage of culture. Lack of production in 
carbon-limited medium by A. orientalis has also been observed in the 
laboratory (Personal Communication; Hilary Lynch, University of Surrey). 
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Figure 3.24: The Effect of Different Types of Nutrient Limitation on Vancomycin 
Production by Amycolatopsis orientalis. 
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3.4.6 Antibiotic Productivity 
The effect of various culture parameters on secondary metabolite 
production will be discussed with reference to specific cultures of the 
organisms and their particular growth medium. 
3.4.6.1 Saccharopolyspora erythraea 
3.4.6.1 a Production in Oxygen-Limited Medium 
Production of erythromycin took place in oxygen limited cultures resulting 
in a peak production of around 115mg1"1 (Figure 3.25). 
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Figure 3.25: Growth of S. erythraea and Production of Erythromycin in Oxygen 
Limited Medium. 
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Production was seen to begin at around 40 hours, as the dissolved oxygen 
tension of the culture began to decrease, and erythromycin concentration 
increased steadily with increasing biomass production (Figure 3.26). 
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Figure 3.26: Utilisation of Oxygen During Growth of S. erythraea and Production 
of Erythromycin in Oxygen Limited Medium. 
All other nutrients, except oxygen, were found to be in excess throughout 
the culture and hence it can be postulated that oxygen limitation was 
responsible for the stimulation of antibiotic biosynthesis. Gramicidin S 
production by Bacillus brevis (Vandamme et al., 1981) has been shown to 
be stimulated by oxygen limitation, this is associated with an increase in 
Gramicidin S synthetase activity, resulting in increased product formation. 
In this scenario high oxygen concentrations have been implicated in 
accelerating the inactivation of Gramicidin S synthetase, and hence oxygen 
limited conditions would provide a more stable environment in which the 
biosynthetic enzymes may operate. Since erythromycin production is seen 
in the oxygen sufficient culture of the other forms of limitation, this model 
would not appear to be the case with S. erythraea. The production data, 
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and the onset of erythromycin production mirror previous findings by Clark 
(1993), and Clark et al., (1995), with the concurrent onset of production of 
the novel red pigment. This novel red pigment is an example of the 
potential benefit of deliberately including oxygen limitation as an 
additional metabolite screen condition. Oxygen-limited erythromycin 
production appeared to follow growth-dissociated kinetics (Figure 3.27) 
i. e. the peak in erythromycin production rate does not coincide with that of 
specific growth rate. 
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Figure 3.27: Estimation of the Relationship Between Specific Growth Rate of 
S. erythraea and Specific Production Rate of Erythromycin Under Oxygen 
Limited Conditions 
The peak in specific growth rate of S. erythraea occurred at around 40 
hours culture time, whilst the maximum specific production rate occurred 
some 30 hours later at 60 hours (Figure 3.27). The peak in specific 
production rate is seen to occur at the point at which the DOT of the 
culture reaches its minimum level of 0% saturation. Similar kinetics of 
erythromycin biosynthesis under oxygen limitation have been observed by 
Clark (1993) and Clark et al., (1995) 
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3.4.6.1 b Production in Phosphate-Limited Medium 
Production of erythromycin was stimulated by phosphate limitation, 
producing a maximum concentration of around 250 mg1-1 (Figure 3.28). 
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Figure 3.28: Growth of S. erythraea and Production of Erythromycin in 
Phosphate Limited Medium. 
Production of erythromycin began as the phosphate concentration began to 
decrease, with phosphate exhausted at around 40 hours (Figure 3.29). 
0.06 
0.05 
°' 0.04 
a) 
Q 0.03 
U) 0 
CL 0.02 
0.01 
Cl) cr 0 
0 
Residual Phosphate (gil) --*-Erythromycin (mg/l; 
20 40 60 80 100 
Time (hrs) 
300 
m 
250 '. 
200 
150 
100 " 
50 
0 
120 
Figure 3.29: Utilisation of Phosphate During Growth of S. erythraea and 
Production of Erythromycin in Phosphate Limited Medium. 
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Production of erythromycin continued throughout the culture as biomass 
concentration increased. Dissolved oxygen tension remained above 80% 
throughout the culture and presumably was therefore not a limiting 
nutrient, hence we can assume that oxygen played no role in the 
stimulation of erythromycin production in this medium. Phosphate 
limitation proved to be the optimum nutrient limitation for stimulating the 
biosynthesis of erythromycin, with a peak concentration of 250 mgl-1, this 
finding was also demonstrated by Clark (1993) and McDermott et al. 
(1993). S. erythraea displayed growth dissociated erythromycin production 
kinetics under phosphate limitation (Figure 3.28), this finding has also been 
observed by the researchers mentioned above. 
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Figure 3.30: Estimation of the Relationship Between Specific Growth Rate of 
S. erythraea and Specific Production Rate of Erythromycin under Phosphate 
Limited Conditions. 
The peak in specific erythromycin production rate did not coincide with 
that of specific growth rate (Figure 3.30), the latter occurring some 40 
hours earlier, at 30 hours, whilst the peak in production rate occurred at 
around 70 hours. Trilli et al. (1987), using chemostat culture, showed that 
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increasing the growth rate of S. erythraea resulted in the increased 
formation of erythromycin, showing strongly growth-linked production 
under phosphate limitation, the opposite to the findings previously 
mentioned, which had employed batch fermentation. Trilli and co-workers 
argued that continuous culture could provide more concrete evidence for 
the detem-iination of growth associated or growth dissociated production. 
However the difference in product categorisation seen between Trilli et al. 
(1987), and that of Clark (1993), McDermott et al. (1993) and my own 
work may also be explained by strain variation and the use of different 
medium compositions and fermentation conditions. The medium employed 
by Trilli and co-workers appears to be possibly nitrogen limited, with 
asparagine being the only available nitrogen source, which is employed at 
concentration of only 10gI-1. Matsumura et al. (1978) found 
Cephalosporin C production to be growth dissociated whilst Kuenzi (1980) 
found its production to be growth associated. The disparity seen between 
these two cases was deemed to be as a result of strain differences and the 
use of differing fermentation methods. 
All other nutrients remained in excess throughout the culture and hence it 
can be assumed that erythromycin production was stimulated by phosphate 
limitation. 
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3.4.6.1 c Production in Nitrogen-Limited Medium 
Production of erythromycin was stimulated by nitrogen limitation 
producing a maximum concentration of around I 10 mgl- 1 (Figure 3.3 1). 
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Figure 3.31: Growth of S. erythraea and Production of Erythromycin in Nitrogen 
Limited Medium. 
Production of erythromycin began as the concentration of medium nitrogen 
began to decrease, with medium nitrate exhausted at around 40 hours, the 
culture becoming nitrogen-limited (Figure 3.32). 
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Figure 3.32: Utilisation of Nitrate During Growth of S. erythraea and Production 
of Erythromycin in Nitrate Limited Medium. 
Production of erythromycin continued throughout the culture as biomass 
concentration increased. Dissolved oxygen tension remained above 80% 
throughout the culture and presumably was therefore not a limiting 
nutrient, hence it can be assumed that oxygen played no role in the 
stimulation of erythromycin production in this medium. Similar growth and 
production profiles have also been observed by Clark (1993), McDermott 
et al., (1993) and Wilson and Bushell (1995), though the latter two studies 
reported increased biomass production presumably as a result of 
employing batch bioreactor culture as opposed to shake flask culture, 
which presumably resulted in enhanced mass transfer. 
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S. erythraea displayed growth associated production kinetics under nitrate 
limitation (Figure 3.33). 
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Figure 3.33: Estimation of the Relationship Between Specific Growth Rate of 
S. erythraea and Specific Production Rate of Erythromycin Under Nitrogen 
Limited Conditions. 
The maximum specific growth rate of S. erythraea and the maximum 
specific production rate of erythromycin production both occurred at 
around 27-30 hours (Figure 3.33). Such findings have also been observed 
by McDermott et al. (1993) and Wilson and Bushell (1995), with the peak 
in erythromycin production rate coinciding with that of specific growth 
rate. McDermott et al. (1993) observed similar disparities to that of Trilli 
et al. (1987), in that under chemostat culture S. erythraea displayed growth 
dissociated production kinetics, this though, may be as a result of differing 
fermentation methods, as has been experienced with Cephalosporin 
production (Matsumura et al., 1987; Kuenzi, 1980). However, McDermott 
et al. (1993) postulated that the production kinetics observed in the 
chemostat culture were as a result of erythromycin acting as a growth 
inhibitor of S. erythraea, a finding which has previously been reported 
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(Corcoran, 198 1). Incorporation of this assumption into a model, and 
subsequent analysis supported this hypothesis, however it was also put 
forward that there could possibly be a side reaction from the biosynthetic 
pathway that led to a diversion of metabolic flux away from the 
biosynthesis of erythromycin (McDermott et al., 1993). 
Bushell et al. (1997) proposed that the differentiation between growth 
associated kinetics and growth dissociated kinetics may be as a result of 
differing substrate affinities displayed by the organism. They proposed that 
in S. erythraea, the substrate affinity for nitrogen is significantly lower than 
that for glucose, effectively resulting in nitrogen limitation throughout the 
culture, and hence resulting in growth associated production kinetics. 
All other nutrients remained in excess throughout the culture and hence it 
can be assumed that erythromycin production was stimulated by nitrogen 
limitation. 
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3.4.6.1 d Production in Carbon-Limited Medium 
Erythromycin production was stimulated by carbon limitation producing a 
maximum concentration of around 100 mgl-l (Figure 3.34). Erythromycin 
production began as the glucose concentration began to decrease, with 
glucose exhausted at around 60 hours, the culture being carbon-limited 
(Figure 3.35). 
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Figure 3.34: Growth of S. erythraea and Production of Erythromycin in Carbon 
Limited Medium. 
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Figure 3.35: Utilisation of Glucose During Growth of S-erythraea and Production 
of Erythromycin in Carbon Limited Medium. 
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Production of erythromycin continued throughout the culture as biomass 
concentration increased until glucose became exhausted at around 60 
hours, resulting in cell lysis. Dissolved oxygen tension remained above 
80% throughout the culture and presumably was therefore not a Eh-ýiting 
nutrient, hence it can be assumed that oxygen played no role in the 
stimulation of erythromycin production in this medium. Carbon limitation 
was the least effective form of limitation employed for the stimulation of 
erythromycin biosynthesis, producing a maximum concentration of 100 
mgl-1, this finding was also demonstrated by Clark (1993) and McDermott 
et al., (1993). S. erythraea displayed growth dissociated production 
kinetics under carbon limitation (Figure 3.36). 
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Figure 3.36: Estimation of the Relationship Between Specific Growth Rate of 
S. erythraea and Specific Production Rate of Erythromycin Under Carbon 
Limited Conditions 
The maximum specific growth rate of S. erythraea occurred at around 25 
hours, whilst the maximum specific production rate of erythromycin 
occurred around 20 hours later at 45 hours (Figure 3.36). 
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Such findings have also been observed by McDermott et al. (1993), Clark 
et al. (1995), and Wilson and Bushell (1995). The peak in erythromycin 
production rate does not coincide with that of specific growth rate, a 
scenario which was also observed under oxygen and phosphate limitation. 
Bushell et al. (1997) proposed that differing production kinetics were the 
result of different substrate affinities. In S. erythraea the growth dissociated 
production of erythromycin was the result of a high affinity glucose 
system, as a result of which glucose limitation does not occur until later in 
the culture, coinciding with the induction of antibiotic biosynthesis. This is 
quite the reverse of the growth associated production observed under 
nitrogen limitation, where due to a lower affinity nitrate system we 
effectively see nitrogen limitation throughout the duration of the culture. 
All other nutrients remained in excess throughout the culture and hence it 
can be assumed that erythromycin production was stimulated by carbon 
limitation. 
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3.4.6.2 Amycolatopsis orientalis 
A orientalis only produced vancomycin under two forms of nutrient 
limitation, phosphorous- and nitrogen limitation. Vancomycin production 
was not stimulated under conditions of carbon- and oxygen limitation. 
3.4.6.2a Production in Nitro gen-Limited Medium 
Production of vancomycin. was observed in nitrogen limited culture, 
resulting in a peak product concentration of around 30 mgl-' (Figure 3.37). 
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Figure 3.37: Growth of A. orientalis and Production of Vancomycin in Nitrogen 
Limited Medium 
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Production of vancomycin began as the concentration of medium nitrogen 
began to decrease, with nitrate being exhausted at around 60 hours, the 
culture being nitrogen-limited (Figure 3.38). 
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Figure 3.38: Utilisation of Nitrate During Growth of Axtientalis and Production 
of Vancomycin in Nitrogen Limited Medium. 
Production of vancomycin continued throughout the culture as biomass 
concentration increased. Dissolved oxygen tension remained above 80% 
throughout the culture and presumably was therefore not a limiting 
nutrient, hence it can be assumed that oxygen played no role in the 
stimulation of vancomycin production in this medium. 
A. orientalis displayed growth dissociated production kinetics under 
nitrogen limitation (Figure 3.39). The peak in maximum specific growth 
rate of korientalis occurred at around 30 hours, approximately 30 hours 
before the peak in vancomycin production rate, which occurred at around 
60 hours (Figure 3.39). 
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Figure 3.39: Estimation of the Relationship Between Specific Growth Rate of 
A. ofientalis and Specific Production Rate of Vancomycin under Nitrogen 
Limited Conditions. 
Such findings were also observed by Clark (1993), who demonstrated 
similar time differences in the maximum rates of growth and production of 
korientalis cultured in nitrogen limited medium. Bushell et al. (1997) 
hypothesised that the substrate affinity of an organism for a limiting 
nutrient could determine whether the production of a secondary metabolite 
was growth associated or dissociated. They proposed that in S. erythraea 
substrate affinity for nitrogen is significantly lower than that for glucose. 
This effectively results in nitrogen limitation occurring throughout the 
culture, and hence resulted in growth associated production kinetics. This 
however does not appear to be the case with korientalis which seems to 
display a higher affinity nitrogen utilisation system than that of 
S. erythraea, resulting in the growth dissociated kinetics shown. 
All other nutrients remained in excess throughout the culture and hence it 
can be assumed that vancomycin production was stimulated by nitrogen 
limitation. 
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3.4.6.2b Production in Phosphate-Limited Medium 
Production of vancomycin was stimulated by phosphate limitation 
producing a peak productivity of around 80 mgl-' (Figure 3.40). 
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Figure 3.40: Growth of Axtientalis and Production of Vancomycin in Phosphate 
Limited Medium. 
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Figure 3.41: Utilisation of Phosphate During Growth of A. orientalis and 
Production of Vancomycin in Phosphate Limited Medium. 
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Production of vancomycin began as the concentration of medium 
phosphate began to decrease, with phosphate being exhausted at around 70 
hours, the culture being phosphate-limited (Figure 3.41). Production of 
vancomycin continued throughout the culture as biomass concentration 
increased. Dissolved oxygen tension remained above 80% throughout the 
culture and presumably was therefore not a limiting nutrient, hence it can 
be assumed that oxygen played no role in the stimulation of vancomycin 
production in this medium. 
A. orientalis displayed growth dissociated production kinetics under 
phosphate limitation (Figure 3.42). 
0.1 
: Z:: 
cr- 
CI) 
0.08 
0.06 
0.04 
0.02 
0 
/ 
-I/I 
0 20 40 60 80 100 
8 
6 
4 
2 
10 
120 
Time (h) 
C-G- Specific Growth Rate Vh) -Spec. Prod'n Rate (mg/g 
CD 
0 
0 
Q. 
DO 
(D 
. -I 3 
(C) 
=r 
Figure 3.42: Estimation of the Relationship Between Specific Growth Rate of 
A. ofientalis and Specific Production Rate of Vancomycin under Phosphate 
Limited Conditions. 
The peak in maximum specific growth rate of A. orientalis occurred at 
around 20 hours, approximately 30 hours prior to the maximum specific 
production rate, which occurred at 50 hours (Figure 3.42). Such findings 
were also observed by Clark (1993), who demonstrated very similar 
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growth and production kinetics. Phosphate limitation was optimal for the 
biosynthesis of vancomycin, achieving a maximum product concentration 
of 80 mgl-1. Optimal production in phosphate limited medium has also been 
observed by Clark (1993) and McIntyre et al. (1996), the repressive effect 
of excess medium phosphate upon vancomycin production has also been 
reported by Metz and Doolin (1972). 
All other nutrients remained in excess throughout the culture and hence it 
can be assumed that vancomycin production was stimulated by phosphate 
limitation. 
3.5 Conclusions & Discussions 
Both S. erythraea and A. orientalis were able to produce their respective 
antibiotics when growth was phosphate- or nitrogen-limited. Phosphate 
limitation proved optimal for the stimulation of both vancomycin and 
erythromycin production, similar findings have also been observed with 
oxytetracycline (Rhodes, 1984) and streptomycin (Fazeh et al., 1995) 
biosynthesis. In contrast these two organisms reacted very differently to 
carbon and oxygen limitation. Vancomycin production was repressed 
under carbon limited conditions whilst erythromycin production was 
stimulated, similarly erythromycin was produced under oxygen limited 
conditions whilst vancomycin production was repressed. Here we see the 
two potential outcomes of oxygen limitation and the impact it could have 
upon novel microbial metabolite screening ; 
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1) Antibiotic production is stimulated by oxygen-limitation, therefore 
there is argument that oxygen-limitation deserves equal status with 
other forms of nutrient limitation as a potential means of stimulating 
secondary metabolite production in screens. 
2) Antibiotic production is repressed by oxygen-limitation, therefore if 
oxygen-limitation were inadvertently introduced into a screen, it 
could potentially eclipse the range of nutrient limitations available 
(Bushell, 1989b) and hence reduce the product diversity (Bushell, 
1988). Therefore undermining the usefulness of the metabolite 
screening procedure. 
McIntyre et al. (1995) reported the growth and productivity of korientalis 
ATCC19795 to be erratic in the defined media outlined in this experiment, 
however no such problems were noted here. The only discrepancy from 
previous work (Clark, 1993) was that of A. orientalis failing to produce 
vancomycin under carbon limitation, a finding also observed by Hilary 
Lynch (Personal Communication). As mentioned previously the production 
of vancomycin by A. orientalis under carbon limitation reported by Clark 
(1993), was very low and could possibly have been the result of carry over 
from seed culture. 
From the interesting findings observed in this study, it was necessary to 
establish the merits of oxygen status as a means of manipulating the 
chemical diversity of a range of Actinomycetes in a natural product 
metabolite screen. Such an investigation is carried out in Chapter 5. 
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4.1 Objective 
To develop a miniaturised sterilisable oxygen electrode for repeated use in 
small scale culture, and to measure its comparability and suitability with 
the previously used neonatal oxygen catheters. 
4.2 Summary 
The previously used neonatal oxygen catheters, as used by Clark (1993) 
and Clark et al., (1995) had proven to be very useful, however, they did 
suffer from a range of drawbacks. 
I. They were very fragile, and if not treated very delicately, would fail to 
respond. 
2. They were prone to biomass fouling and sometimes suffered from signal 
loss towards the end of a run. 
3. They had a short lifetime of between 7-10 days, after which they would 
lose signal output. 
4. They were non-sterilisable, either by autoclaving or immersion in 
solvent, both of which resulted in irreparable probe damage. 
5. They had to be fitted aseptically to a sterile flask, risking contamination 
problems. 
6. They were as a result of these problems, single use. 
7. Single unit costs of c. a. 00 meant that wide scale use was unrealistic. 
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As a result of these problems and in particular the latter, it was desirable 
for us to develop a miniaturised oxygen probe that would overcome these 
problems and also provide reproducible results. 
4.3 Background Information 
4.3.1 Principles of Polarogrqphic Oxygen Measurement 
In a solution of electrolytes, a current will flow between the negatively 
charged cathode (-) and the positively charged anode (+) due to the 
reduction of the solutes. The current is proportional to the amount of 
solutes reduced. Molecular oxygen is a strong oxidant and is reduced to 
water when a platinum cathode is used in combination with a calomel or 
Ag/AgCI reference electrode. 
When the polarisation voltage is below lOOOmV, no solutes except oxygen 
are reduced at the platinum cathode, thus the electrode current output is 
proportional to the rate at which oxygen diffuses to the cathode. This rate 
depends on the concentration of oxygen in the water. Thus, after 
calibration, the electrode current output can be used to calculate Poxygen- 
Since the extent of the reduction of oxygen at the platinum cathode is a 
function of the surface of the cathode, coverage of the sensing part with, 
for example, proteins, will change the operating characteristics of the 
electrode. This drift of the electrode output at constant Poxygen will decrease 
in time ('ageing') but is reduced considerably by adding a membrane, 
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acting simultaneously as a protective shield and as a selective diffusion 
barrier. 
--I. The operating principles of polarographic oxygen sensors v4. thus based on 
the diffusion of oxygen across a membrane to the polarised electrode 
where reduction of oxygen generates an electrical signal. 
4.3.2 The 'Stirring' Effect 
Before oxygen traverses the membrane, to become reduced at the cathode 
surface, it has to pass through a layer of water just outside the electrode 
without any turbulence or convection. This layer known as the Diffusive 
Boundary Layer (DBL) which has a thickness of 0.1-0.2mml is 
characterised by laminar flow, meaning that molecular diffusion is the only 
mechanism of transport of oxygen in the direction perpendicular to the 
surface of the electrode. Consequently in the diffusive boundary layer, the 
02 profile is linear. In between the well-mixed bulk of the water (with 
constant oxygen concentration) and the diffusive boundary layer (with 
linearly decreasing concentration) is a transition zone characterised by a 
non-linear decrease in the02concentration. 
The current generated by the voltage source to compensate for the 
consumption of electrons due to oxygen reduction at the cathode can be 
described as: 
I= 4F. A,. Joxygen 
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In which F is the Faraday constant, A, is the total cathode surface, and 
JOxygen is the flux of oxygen across the membrane, which in turn depends on 
the steepness of the concentration gradient over the membrane and the 
effective diffusion coefficient for oxygen under the ambient conditions. 
As illustrated above, electrodes with large surface area consume more 
oxygen. More importantly, however, the gradient in the diffusive boundary 
layer becomes steeper with the decreasing dimensions of this layer, as is 
the case in the stirred environment. Thus, with identical oxygen 
concentrations in the bulk phase, stirring results in an increased value of 
the current 1. compared to non-stirred conditions. In small tipped 
electrodes the effect of stirring is minimal due to the very small sensing 
area, however this phenomenon becomes more important as tip size 
increases and hence calibration should be carried out under experimental 
conditions. 
4.3.3 The Use of Oxygen Micro-Electrodes in Monitoring 
Biological Systems 
Initially it was necessary to carry out a survey of the literature concerning 
the use of miniature or micro-electrodes for the measurement of dissolved 
oxygen tension. Despite the fact that oxygen micro-electrodes had first 
been constructed in 1973 by Baumgartl and Lubbers they had found little 
use in microbiology, with a few notable exceptions. A number of studies 
have been carried out on marine sediments using such technology 
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(Jorgensen et al., 1979; Sorensen et al., 1979; Revsbech et al., 1980a, b; 
Revsbech et al., 1981; Revsbech & Jorgensen, 1986; van Gemerden et al., 
1989). Micro-electrodes had also been employed in determining oxygen 
profiles in bio-films (Bungay & Chen, 1981; Chen & Bungay, 1981). This 
search produced a very interesting paper by Wimpenny and Coombs 
(1983), who had used a micro-electrode to measure the penetration of 
oxygen into a bacterial colony. In this study they had used an electrode 
supplied by the Transidyne General Corporation (Ann Arbor, Mich., 
U. S. A. ). On contacting Dr. Julian Wimpenny (University of Wales, 
College Cardiff; Personal Communication) he informed me that Transidyne 
had ceased trading -and that he now bought micro-electrodes supplied by 
Dr. John Parkes (Dept. of Geology, Bristol University). On contacting Dr. 
Parkes he informed me that in turn he had bought the probes from Dr. Hans 
van Gemerden (Department of Microbiology, University of Groningen, 
Netherlands). 
The probes supplied by Dr. van Gemerden are based on those used by him 
in his earlier studies (van Gemerden et al., 1989), and differed from those 
used in other sediment studies in that they were more robust as a result of 
being encased inside stainless steel needles. The rugged construction made 
these probes ideal for field and shipboard measurement and would 
hopefully stand up to the rigours of shake flask fermentations. In the 
probes supplied by Dr. van Gemerden the glass insulation found in similar 
micro-electrodes, had been replaced with a solidified resin. Less robust 
sensors have been developed with tip diameters of 2-5ýtm, however, in the 
van Gemerden probes the minimum tip diameter supplied is 0.6mm, which 
results in increased oxygen consumption at the tip. However, this is offset, 
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to a large extent by the fact that this is still considerably smaller than the 
diameter of the neonatal catheters previously used (1.75mm diam. ). 
The eventual probe purchased by us (Figure 4.1), had a tip diameter of 
I. Omm, around 57% the diameter of the neonatal catheter tip. The total 
length of the electrode was 260mm. The cost of a single probe was around 
E300. 
Figure 4.1: A Photograph of the Van Gemerden Oxygen Micro-Electrode 
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4.4 Technical Details of the Oxygen Micro-Electrode 
4.4.1 Construction of the Electrode 
The cathode of the electrode consists of a 0.06mm diameter platinum wire, 
which has been etched to reduce oxygen consumption. The sensing tip of 
the cathode is also covered with a thin layer of gold in order to increase 
signal stability. Inside the electrode the platinum wire is soldered to a 
copper wire, which, in turn is soldered to the central part of the BNC 
connector mounted at the top of the shaft. Platinum and copper wire and 
the central part of the connector are insulated from the stainless 
steel/aluminiurn parts of the needle and shaft by flexible non-glass isolation 
material. The platinum-copper connection within the electrode is 
embedded in solidified resin, thus fixing the position, which results in 
effective noise reduction. 
4.4.2 Application of Cellulose-Nitrate membranes 
It was suggested that cellulose-nitrate be applied as the membrane of 
choice, since application is both simple and fast. DePex membranes have 
also been employed by Dr. van Gemerden but are more difficult to apply, 
require much more time to mature, however,, are stronger. 
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Cellulose-nitrate membranes are applied in the following way: 
1. Dissolve one 25mm diameter cellulose-nitrate membrane filter in 
approximately four millilitres of acetone and the vortex till dissolved. 
2. Dip the tip of the electrode into this solution and raise slowly to allow 
excess acetone to be removed at the meniscus, then position the 
electrode with the tip pointing upwards. 
I Let air-dry for 10 minutes at room temperature. 
4. Repeat step 2. 
5. Let air-dry for 30-60 minutes at room temperature before use. 
Old membranes are removed by gently moving the tip of the electrode in 
analytical grade acetone, the membrane will dissolve in less than one 
minute. The tip may then be blotted dry and a new membrane applied. 
Membrane damage is easily recognised as the electrode current output will 
increase approximately 10-fold, the application of a new membrane is 
necessary in this circumstance. 
4.4.3 Polarisation of the Electrode 
It was recommended that electrodes should be polarised before use, for no 
less than one hour, though overnight was suggested as the increased 
polarisation time improves electrode performance. 
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4.4.4 Equipment for Measuring Electrode 
The electrode current output is in the nano-Amp range, and is measured 
with a Keithley 485 nano-ammeter equipped with an adjustable 
polarisation voltage. The use of good quality coax cables is essential, with 
erroneous readings or instability in output possibly being a result of 
resistance in the connectors used. Silver BNC connectors may become 
corroded in time, hence it was recommended that gold-plated connectors 
be used at all times. The use of a nano-Amp/mv converter was also 
recommended, which resulted in easier signal handling. 
4.4.5 Sterilisation of the Electrode 
Dr. van Gemerden recommended a chemical sterilisation procedure for the 
probe, using a 50: 50 mix of ethanol and formaldehyde. In his protocol the 
needle portion of the electrode was immersed in this liquid in a sealed 
vessel and left for one hour, after which it was effectively sterile. This 
protocol did, however, suffer from similar problems to the neonatal 
catheter, in that it required a sterile probe to be fitted to a sterile flask, 
introducing the opportunity for contamination. 
This method was adapted by fitting the non-sterile probe to a non-sterile 
Erlenmeyer flask, into which was added the ethanol-formaldehyde mix. 
This apparatus was left for one hour after which this mixture was carefully 
and aseptically poured out of the flask in a safety cabinet. The flask was 
then aseptically rinsed with sterile reverse osmosis (Ro) water to remove 
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any residues of ethanol or formaldehyde left in the flask that may affect 
growth. 
The efficacy of this sterilisation procedure was determined by aseptically 
adding 25ml of nutrient broth to the 'treated' flask, which was then 
agitated at 250rpm. at 30T for 48 hours. O. Iml spread plates on nutrient 
agar were carried out using the nutrient broth from the flask, these were in 
turn incubated at 30T for 48 hours. This procedure was repeated five 
times, with triplicate plates being carried out each time. All plates showed 
that there were less than 10c-f-u-ml-1, i. e. no colonies were observed on 
any of the plates. 
This protocol although effective was somewhat lengthy, non-user friendly, 
in that it involved handling flammable solvents, and also had the potential, 
if not carried out carefully, to introduce contamination to the flask. The 
ideal solution was a probe that could be autoclaved in situ, overcoming all 
the problems outlined above. Mr. Ian Rolland (Product Manager, Mettler 
Toledo, Leicester; Personal Communication) knew of no such micro- 
electrode on the market, that fitted the size requirements and also could 
withstand autoclaving. On examination of the micro-electrode and 
accompanying electrode specifications, he could see of no reason why it 
could not be autoclaved. Dr. van Gemerden reported that he had also 
attempted autoclaving the probe and that per se, the probe was not 
damaged, however he added that on repeated autoclaving, the resin that 
embedded the platinum-copper connection became fragmented resulting in 
increased signal noise. 
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In light of the fact that we had only one probe it was considered unwise to 
attempt autoclaving, though this is obviously something we would like to 
follow up. 
4.5 Development of the Micro-Electrode Rijg 
The equipment for measuring the output from the micro-electrode was 
largely recommended by Dr. van Gemerden in the literature accompanying 
the electrode. The necessary equipment was supplied and assembled by 
Mr. John Wheable (Glaxo Wellcome, Ware). 
The problem still remained however, as to how to insert the electrode into 
the flask. Unlike the neonatal catheters, the micro-electrode was of 
appreciable size and weight, and hence would require some form of rig to 
ensure its safe use. Our initial problem was to decide the direction from 
which the probe would enter the flask, i. e. from the side as used previously 
or possibly from the top. Insertion from the top would raise the centre of 
gravity of the set-up and would also introduce the flask into a 'dead-zone9 
of liquid, of minimal depth and agitation (Figure 4.2). 
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Figure 4.2: Schematic Demonstration of the Problems Associated with a Top 
Mounted Electrode, Which Would Emerge in a Dead Zone of Liquid at the 
Centre of the Flask. 
If the electrode were introduced via the neck of the flask, it would also 
require secure holding, which, presumably could not be afforded by a 
cotton wool bung. Any design that required replacement of this cotton 
wool closure would seriously affect the gaseous transfer properties of the 
vessel, and make comparison with previous runs impossible or invalid. 
An alternative to the strict top entry, was a version that entered from 
above, but from the sloping sides of the flask (Figure 4.3). In this design 
the weight of the electrode would be supported by a fitting around the neck 
of the flask. A trial with such a flask and fitting showed this design to be 
inherently unstable, a result of the high centre of gravity and also the offset 
weight load. 
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Figure 4.3: Schematic Demonstration of a Side Mounted Electrode, with 
Accompanying Flask Neck Clamp. 
It was finally decided that side entry into the flask, as used previously with 
the neonatal catheters, would probably be the most stable design choice. 
However one important consideration with this design was the amount of 
pull that would be exerted upon the flask by the rotating weight of the 
electrode. There was a danger that since the axis of rotation had been 
largely increased by the fixing of the electrode (260mm long), this added 
momentum could result in the Erlenmeyer flask being wrenched from the 
shaker platform. It was imperative therefore that the electrode, and the 
flask moved within the orbit of the shaker, synchronically, to prevent any 
resultant forces acting and the equipment becoming detached. It hence 
became apparent that some form of clamping rig to hold both flask and 
electrode would be necessary, and that this set-up would in turn need to be 
easily and securely attached to the adhesive surface of the shaker platform. 
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In addition the clamp would have to be easily cleaned in the event of 
breakage of flasks or spillage of cultures. 
In conjunction with Chris Mellish and Brian Hillier (Project Engineers, 
Glaxo Wellcome), a design was arrived upon that fitted the necessary 
requirements (Figures 4.4,4.5 & 4.6). The main frame of the rig was 
constructed of rigid polypropylene that gave considerable strength with 
minimum weight, which would of course be an important factor when 
being agitated on a shaker platform. This material would also present no 
corrosion problems and could be easily cleaned. All metal fittings e. g. 
clarnp screws etc., were constructed of brushed aluminium, this would 
prevent any corrosion problems arising and also contributed to the 
hghtness of the rig. 
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Figure 4.4: Schematic Diagram of the Micro-Electrode Rig for Use with 250ml 
Erlenmeyer Shake Flasks 
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I 
Figure 4.6: A Photograph of a Plan View of the Micro-Electrode Rig for Use 
with 250ml Erlenmeyer Flasks. 
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Figure 4.5: A Photograph of a Side View of the Micro-Electrode Rig for Use with 
250ml Erlenmeyer Flasks. 
4.6 Testiniz of the Micro-Electrode 
The apparatus shown in Figures 4.5 and 4.6 was attached to the adhesive 
topped shaker platform and tested for suitability of use. The apparatus 
performed very well, with no leakage of liquid from the side arm seal at 
which point the electrode entered. The rig also proved very stable, with no 
movement from the adhesive deck up to speeds of 500rpm. The probe also 
proved to be considerably less prone to biomass fouling than the previously 
used neonatal catheters. This was presumably as a result of the one-piece 
design of the electrode tip, the previously used neonatal catheters having 
had a metallic probe tip mounted on the flexible wire main body, resulting 
in a 'crevice' in which fouling could occur. The clamping mechanism for 
the Erlenmeyer flask was also very effective with no visible or audible 
movement in the flask up to 500rpm. The same was true of the micro- 
electrode clamping mechanism, which was effective in ensuring that flask 
and electrode moved as one. Overall the rig and micro-electrode assembly 
performed excellently and fulfilled all the criteria initially set out in the 
design brief. 
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4.7 Conclusions & Discussions 
The oxygen micro-electrode purchased from Dr. van Gemerden, had 
overcome many of the problems encountered in the use of the disposable 
neonatal catheters. 
1. They were much more robust and easier to handle. 
2. They were less prone to biomass fouling. 
3. They did not have a short lifespan. 
4. They were sterilisable by solvent methods, and potentially by 
autoclaving. 
5. They were not single use. 
6. At a single unit cost of around E300, they became more economical to 
use than the neonatal catheters, after just five runs. 
It was unfortunate, that, being limited to only one probe, we were not able 
to establish the ability of the probe to withstand autoclaving, and what 
effect autoclaving would have on its operation. 
Overall it was considered that the micro-electrode was a considerable 
improvement, especially economically, on the previously used neonatal 
catheters. 
The micro-electrode rig was also considered a success in that it fulfilled all 
the criteria set out for it in the design brief, which meant that effective use 
of the micro-electrode was possible. 
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The electrode-rig assembly will prove very useful in continuing research in 
the area of oxygen limitation in small scale culture, and also greatly reduce 
the experimental costs of such work. 
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5.1 Objective 
To investigate the impact of oxygen limitation on antibiotic production in 
an actinomycete metabolite screen. 
5.2 Summary 
A miniature dissolved oxygen electrode was used to assess the oxygen 
status of tube cultures of S. erythraea and A. orientalis using various 
formulations of a Glaxo complex screening medium. These results were 
used to establish presumptive oxygen-sufficient and oxygen-limited 
cultures in a screen of 20 known antibiotic producing organisms at Glaxo 
Wellcome Medicines Research Centre. The responses of S. erythraea and 
A. orientalis indicated that any osmolarity and viscosity variables imposed 
by medium dilution were insignificant compared with differences in culture 
oxygen status. 
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5.3. Exi)erimental Outline 
5.3.1 Establishing oxygen status of cultures for the screen 
5.3.1.1 Varying the oxygen status of cultures for the screen 
Screen culture was carried out in test tubes angled at 30' from the vertical 
on a rotary shaker at 250rpm. This configuration forms part of Glaxo 
Wellcome's routine natural product screening operation. Culture volumes 
were 10ml. Larger volumes caused excessive splashing whilst smaller 
volumes were below the level for microprobe measurement of oxygen 
status. It was,, therefore, not possible to alter the aeration efficiency of 
cultures by varying the volume, hence this could only be achieved by 
changing medium nutrient concentrations i. e. medium dilution. 
Unfortunately the medium dilution method of varying culture oxygen status 
introduced additional unwanted variables of osmolarity and viscosity. 
5.3.1.2. Choice of Culture Medium 
Choice of medium for this study was restricted by the need to reproduce 
the Glaxo Wellcome screening protocol, with the seed stage being carried 
out in a rich complex medium (SV2), which had the following composition 
(gl-1) : glucose 15, glycerol 15, soypeptone (Labem) 15, NaCl 3, CaC03 I; 
pH was adjusted to 7.0 with 5M NaOH. The actual screen needed to be 
carried out in a medium known to favour secondary metabolite formation. 
SM14 a Glaxo complex medium was used, this had the following 
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composition 1-1 ): glucose 10, soypeptone (Labem) 20, LabLemco 5, 
NaCl 5, ZnS040-01 ; pH was adjusted to 7.0 with 5M NaOH. 
5.3.1.3 Assessing Culture Oxygen Status 
It was necessary to establish dilutions of SM1.4 which would give oxygen- 
limited and oxygen- sufficient cultures. Tube cultures of S. erythraea and 
A. orientalis were carried out, and dissolved oxygen status was assessed 
using a miniature dissolved oxygen electrode as described in Chapter 2 
(Materials and Methods). 
Both S. erythraea and A. orientalis became oxygen-limited when cultured 
in the SM14 medium (Figures 5.1 & 5.2), therefore if we assume that other 
actinomycetes have similar oxygen requirements then tube cultures in 
SM14 are presumably oxygen-limited (Figures 5.1 & 5.2). 
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Figure 5.1: Utilisation of Oxygen During Growth of S. erythraea in SM14 
Medium. 
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Figure 5.2: Utilisation of Oxygen During Growth of korientalis in SM14 
Medium. 
Similar to findings using defined medium, both organisms reacted very 
differently to oxygen limitation. Production of erythromycin by 
S. erythraea was stimulated by oxygen-limited conditions (Figure 5.3), 
conversely, production of vancomycin by A. orientalis was repressed in 
oxygen-limited conditions, with no production occurring throughout the 
culture. 
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Figure 5.3: Utilisation of Oxygen and Production of Erythromycin During 
Growth of S. erythraea in SM14 Medium. 
(a 
157 
In order to establish oxygen-sufficient cultures, time-course studies of 
S. erythraea and korientalis were carried out in tubes containing a half- 
strength dilution of SM14 (named SM97). In SM97, cultures of both 
S. erythraea (Figure 5.4) and korientalis (Figure 5.5), remained oxygen- 
sufficient, therefore if we assume that other actinomycetes have similar 
oxygen requirements, then tube cultures in SM97 are presumably oxygen- 
sufficient. 
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Figure 5A Utilisation of Oxygen During Growth of S. erythraea in SM97 
Medium. 
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Figure 5.5: Utilisation of Oxygen During Growth of A. orientalis in SM97 
Medium. 
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The responses of the two organisms to oxygen-limitation in SM14 medium 
was consistent with responses to oxygen-limitation previously observed in 
defined medium, (Chapter 3) i. e. oxygen-limitation stimulated 
erythromycin production by S. erythraea whilst vancomycin production by 
korientalis was repressed. Both organisms produced their respective 
antibiotics when grown in conditions of oxygen-suffliciency i. e. in SM97 
medium (Figures 5.6 & 5-7). 
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Figure 5.6: Utilisation of Oxygen and Production of Erythromycin During 
Growth of S. erythraea in SM97 Medium. 
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These findings indicate that the influence of osmolarity and viscosity 
variables on antibiotic production is insignificant when compared with that 
of oxygen-limitation. 
5.3.2 Screening 
5.3.2.1 Screen Cultures 
Twenty known actinomycete antibiotic producers, producing a wide range 
of metabolite groups were used from Glaxo Wellcome's culture collection 
(Figure 5.8). 
Glaxo Strain 
Number 
Organism Name Main Metabolite Chemical Type 
S3352 S. narbonensis Narbomycin Macrolide 
S3375 S. alboniger Puromycin Nucleoside 
S3379 S. parvullus Actinomycin Peptidolactone 
S3384 S. fasiculatus Amicetin Nucleoside 
S3391 S. fradiae Neomycin Macrolide 
S3379 S. niveus Novobiocin Aromatic 
S3435 S. filipinensis Filipin Polyene 
S3590 S. pristinaespirillis Pristinamycins Peptide 
S3597 S. linconensis Lincomycin Lincosaminide 
S3610 S. griseoluteus Griseolutein Phenazine 
S3650 S. atrofaciens romycin Aminoglycoside 
S3666 S. griseochromogenes Blasticidin Nucleoside 
S3667 S. kanamyceticus Kanamycin Aminoglycoside 
S3676 S. spectabilis Streptovancin Ansamarnacrolide 
S3702 S. graminofaciens Streptogramin Pe tide 
C1318 S. clavuligerus Cephamycins ý-Lactams 
C2201 S. cattleya Thienamycin Carbapenems 
C2287 S. aureofaciens Chlortetracycline Tetracycline 
C2385 S. noursei Nystatin Polyene 
C2388- S. nodusus Amphotericin Polyene 
Figure 5.8 :A Table of the Streptomyces Species Used in the Oxygen-Status 
Screen. 
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Seed cultures were prepared by adding to tubes containing 10ml of SV2 
medium, these were then incubated for 4 days at 28'C at 250rpm. Tubes 
were angled at 30' from the vertical during shaking in order to enhance 
nuxing and gas transfer, in addition several glass beads were included in 
each tube in order to break up the agar plugs. A volume of 0.33ml (3% 
v/v) of each seed culture was used to inoculate duplicate tubes of both 
media - SM14 and SM97 (full- and half-strength media respectively). 
Production cultures were set up in tubes angled at 30' from vertical and 
shaken at 250 rpm, glass beads were not included in production tubes. 
Cultures were incubated at 28T for 5 days, with duplicate tubes of each 
medium and organism being removed daily for sampling and antibiotic 
assay. 
5.3.2.2 Sample Extraction 
Metabolite extracts were prepared from production cultures by adding an 
equal volume (I Oml) of methanol to the broth, leaving for one hour, and 
then filtering. Filtrate was stored at -20T. 
5.3.2.3 Agar Bioassay 
Antibiotics were detected in each methanol extract by agar bioassay 
against five challenge organisms : Staphylococcus aureus ATCC864, 
Escherichia coli C1661, Super-Sensitive E. coli (ss), Candida albicans 
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ATCC316 and Fusarium oxysporum JM1 (University of Surrey Culture 
Collection numbers). 
Challenge organisms were grown for 24 hours in Malt Yeast Peptone 
Glucose broth (MYPG), which had the following composition (gl-1) : malt 
extract 3, glucose 10, peptone (Oxoid) 5, yeast extract (Difco) 3. Fusarium 
mysporum was allowed an incubation period of 48 hours. 
250ml of molten nutrient agar (Oxoid) at approximately 40'C was seeded 
with challenge organism and poured into a large bioassay plate (Intermed 
Nunc). For S. aureus, E. coli and C albicans the agar seed consisted of 
Iml of the overnight MYPG culture. For the super-sensitive E. coli, which 
is particularly sensitive to the action of B-lactam antibiotics, the agar seed 
consisted of 2ml of overnight MYPG culture. For F. oxysporum, 200ml of 
potato dextrose agar (Oxoid), made up using 250ml worth of agar, was 
seeded with 50ml of 48 hour F. oxysporum culture. Plates were placed on 
a level surface and allowed to set. When the agar had set, 7mm wells were 
formed by punching holes in the agar with a hollow tube and removing the 
agar plug so formed. 100gl volumes of the methanol extracts were added 
to each well, all plates were incubated at 37'C for 24 hours to enable 
growth of the challenge organisms and diffusion of antibiotics. 
Zones of inhibition were measured and recorded, to determine both 
bioactive production and to compare duplicate samples. 
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5.4 Results and Discussion 
The number and type of antibiotic activities detected in the screen are 
shown in Table 5.2: 
Challenge Organism Number of organisms 
showing antibiotic 
activity in SM14 
(oxygen-limited) 
Number of organisms 
showing antibiotic 
activity in SM97 
(oxygen-sufficient) 
S. aureus (ATCC864) 10 9 
E. coli (C1661) 0 2 
E. coli (ss) 6 3 
C. albicans (ATCC316) 7 10 
Foxysporum (JMl) 
18 
7 
TOTALS 31 31 
Figure 5.9 : Antibiotic Activities Displayed by the Screen of 20 Actinomycetes. 
A Chi-square analysis was carried out in order to determine whether 
medium type (and therefore oxygen status) influenced the production of a 
broad class of antibiotics (Figure 5.10). A Null Hypotheses (at a 5% 
significance level) was constructed to state that there was no significant 
difference in the production of antibiotics in oxygen limited and oxygen 
sufficient medium. 
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Oxygen Limited 
Observed Expected 
Oxygen Sufficient 
Observed Expected 
S. aureus 10 6.2 9 6.2 
E. coli 0 6.2 2 6.2 
E. coli ss 6 6.2 3 6.2 
C. albicans 7 6.2 10 6.2 
F. oxysporum 8 1 6.2 71 6.2 
Total 31 31 
X 9.16 8.19 
Probability 0.11 0.23 
Figure 5.10: A Chi-Squared Test to Assess the Effect of Oxygen Limitation on 
Antibiotic Production. 
For 4 degrees of freedom there was no significant difference between the 
number of antibiotics produced in oxygen limited and oxygen sufficient 
medium. 
A Chi-square analysis was carried out in order to determine whether 
medium type (and therefore oxygen status) influenced the type of 
bioactivity (Figure 5.11). A Null Hypotheses (at a 5% significance level) 
was constructed assuming no significant difference in type of antibiotics 
produced in oxygen limited and oxygen sufficient medium. 
Medium S. 
aureus 
0E 
E. coli 
0E 
E. coli ss 
0E 
C. 
albicans 
0E 
F. oxysporum 
0E 
02Limited 10 9.5 0 1 6 4.5 7 8.5 8 7.5 
02Sufficient 9 9.5 2 1 3 4.5 10 18.5 
7 7.5 
Total 19 2 9 17 15 
x2 0.053 2 1 0.53 
0.06 
Probability 0.85 0.15_____ L_ 
0.35 0.45 0.80 
Figure 5.11: A Chi-Squared Test to Assess the Effect of Oxygen Limitation on 
Antibiotic Type. 
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For I degree of freedom there was no significant difference in the type of 
antibiotics produced in oxygen limited and oxygen sufficient medium. 
Screen data is commonly assessed using the Product Diversity Index 
(P. D. I. ), which is calculated as follows: 
number of detection assay positives (any organism, any assay) 
number of test organisms x number of detection assays I 
The identical number of antibiotics detected in SM14 and SM97 were 
reflected in identical P. D. I. values for these media: 
SM14 (oxygen-limited), P. D. I. 31 0.31 
20 x5 
SM97 (oxygen-sufficient), P. D. I 31 0.31 
20 x5 
These results are very similar to those attained in an unknown screen of 
320 actinomycetes which were subjected to oxygen-limited and oxygen- 
sufficient conditions (Clark, 1993). In this study oxygen-limited conditions 
produced a P. D. 1 value of 0.31, while the oxygen-sufficient conditions 
produced a marginally higher value of 0.33. 
A consideration of the total numbers of antibiotics detected in the screen 
gives no information concerning the responses of individual organisms to 
oxygen-linutation. As can be seen in Figure 5.12,4.5% of 'hits' were 
produced only under conditions of oxygen-limitation with 4.5 % hits only 
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being produced under conditions of oxygen- sufficiency. Thus, oxygen- 
limitation can stimulate the production of some secondary metabolites but 
is also capable of repressing the synthesis of others. These findings are 
consistent with previous work with the two 'model' organisms 
Saccharopolyspora erythraea and Amycolatopsis orientalis where 
erythromycin production is stimulated by oxygen-limitation and 
vancomycin production is repressed by oxygen-limitation. 
Group of Actinomycetes Percentage of 
_. 
p2tential 200 'hits' 
able to produce antibiotic in both oxygen- sufficient 10.5% 
(SM97) and oxygen-limited (SM14) cultures 
able to produce antibiotic only in oxygen- sufficient 4.5% 
cultures (SM97) 
able to produce antibiotic only in oxygen-limited 4.5% 
cultures (SM14) 
Figure 5.12: The Influence of Culture Oxygen Status on Antibiotic Responses. 
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5.4.1 The Use of HPLC Analysis in Ass the Effect of 
Oxygen Status on Chemical Diversjýy 
The use of bioassay in determining the effect of a physiological parameter 
upon the chemical diversity of an organism is fundamentally flawed. The 
method can only demonstrate that within the plethora of compounds 
produced during, growth of the organism, there is or is not a compound 
capable of repressing the growth of the challenge organism. It gives no 
idea of the overall affect of a physiological parameter upon the total 
number of compounds synthesised by an organism during its growth. This 
case is particularly pertinent in the case of multi-antibiotic producing 
organisms such as Streptomyces clavuligerus, which produces a host of 
antibiotics including clavulanic acid, and cephamycins. It would be 
difficult to determine by the use of the bioassays outline here, as to which 
antibiotic, was actually acting upon the challenge organism, or to 
determine the effect of oxygen limitation upon the biosynthesis of these 
individual secondary metabolites. 
For this reason it was decided to evaluate the effect of oxygen status upon 
total chemical diversity in the broths collected using HPLC analysis. This 
work was also carried out at Glaxo Wellcome Medicines Research Centre. 
A WateýMillenium. HPLC system was used, running the Glaxo Wellcome 
Referment Gradient (Figure 5.13), that is routinely employed by the 
Fermentation Development Group. 
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5.4.2 Technical Details of the HPLC Ana 
Two mobile phases are employed in running the gradient: 
Solution A: 0.1 M NH4H2PO4 + 3n-fl/I H3PO4 
Solution B: 75% MeCN + 25% NH4H2PO4 + 3ml/I H3PO4 
All solutions were made up using 18.2MQ water, and using AR grade 
reagents. Solutions were de-gassed by passing through a sintered glass 
filter. 
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Figure 5.13: Profile of the Glaxo Wellcome Referment Gradient Employed in the 
HPLC Analysis. 
The column used was a Spherisorb C6 (150mm. x 4.6mm. I. D. ), with guard 
column, which was linked to a single wavelength UV detector at 210nm. 
Flow rate was set at ImhTlin-1. All samples were diluted 1: 1 with mobile 
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phase A. 50gl samples were injected onto the column using a dedicated 
autosampler. 
5.4.3 Results of HPLC Anal 
The HPLC traces obtained using the Glaxo Wellcome Referment system 
were very disappointing, in that there was a large amount of background, 
that prevented resolution of defined peaks. Hence changes in chemical 
diversity were impossible to assess. This very high background quenching, 
that essentially eclipsed other peaks was thought to possibly be as a result 
of a number of factors. One explanation was that the complex nature of the 
medium components meant that there were a large number of complex 
breakdown products that affected the resolution of the chromatography. 
Alternatively it could have been a result of the fact that the samples had 
only passed through a relatively crude filtration process, which may have 
resulted in biomass entering the sample. The Fermentation Development 
Group that use the referment gradient, usually employ considerably more 
defined media than that employed in the screening procedure, in order to 
establish physiological relationships for product biosynthesis, a task made 
considerably more difficult in a complex medium. In addition they also 
employ a different extraction procedure to that employed during the 
screening process. In this extraction process further clarification steps are 
incorporated by the use of centrifugation, which would effectively prevent 
any contaminating biomass. The fermentation development process also 
differs from that of screening in that they are targeting a known product or 
peak, as opposed to viewing the overall chemical diversity of a culture. As 
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a result of this difference a lot more flexibility may be incorporated into the 
chromatographic optimisation of each sample, with gradient changes, and 
wavelength adjustment. Such changes for each sample would not only 
prove very lengthy but would also render any generic assessment of 
chemical diversity between samples void. 
5.5 Conclusions & Discussions 
Oxygen-limitation was shown to equally stimulate antibiotic production as 
conditions of oxygen- sufficiency, with both conditions producing 31 'hits' 
across a range of challenge organisms. Of these total hits, 4.5% were 
produced only under conditions of oxygen-limitation while an equal 
proportion were produced only under conditions of oxygen- sufficiency. 
Such individual findings demonstrate the potential benefits and pitfalls of 
oxygen-limitation. Oxygen-limitation has potential as a means of 
stimulating secondary metabolite production, but that if not monitored and 
therefore inadvertently introduced into a screen, is also capable of 
repressing the biosynthesis of some secondary metabolites. It is also 
important to note that in light of the speculation of Bushell (1989b), the 
inadvertent introduction of oxygen-limitation into a screen may also 
undermine it by means of it eclipsing the effects of other nutrient 
limitations and so robbing the screen of the potential benefit of having a 
variety of culture media. Therefore oxygen-limitation deserves equal status 
in screening protocols as a means of stimulating secondary metabolite 
production, possibly resulting in the expression of a 'unique' group of 
metabolites that are not synthesised under other forms of nutrient 
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limitation. However, screening protocols must ensure that if intentional 
oxygen-limitation is to be used as a means of stimulating secondary 
metabolite production that it exists as an additional sole limitation and that 
other nutrient limitations are oxygen- sufficient to ensure that their intended 
limitations are not eclipsed by the effects of oxygen-limitation. 
The disappointing results gained from the HPLC analysis, made further 
elucidation of the effect of oxygen limitation upon chemical diversity 
impossible. As a result of these findings, a follow up screen employing 
cleaner defined medium and an adapted extraction and sample preparation 
protocol was carried out, The results of this study are demonstrated in 
Chapter 6. 
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6.1 Ob 
To investigate the impact of oxygen limitation upon chemical diversity in 
an actinomycete metabolite screen, and compare its effect with other forms 
of nutrient limitation. 
6.2 Summary 
A miniature dissolved oxygen electrode was used to assess the oxygen 
status of flask cultures of S. erythraea and A. orientalis using various 
fon-nulations of defined media, in order to establish carbon, nitrogen, 
phosphorous and oxygen limited cultures. A fifth medium was also 
formulated that allied high biomass formation, with a low oxygen demand 
rate, this being achieved by the use of slowly assimilated nutrients. Twenty 
four actinomycetes were used in the screen, all being cultured in the five 
media previously mentioned. Chemical diversity was assessed using HPLC 
analysis. 
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6.3 Experimental Outline 
6.3.1 Establishing Oxygen Status of Cultures for the Screen 
Screen cultures were carried out in 250ml baffled Erlenmeyer flasks on a 
rotary shaker at 250rpm. Culture volumes were 50ml, smaller volumes 
could not be used as this would fall below the emergence point of the 
oxygen electrode and hence would make assessment of oxygen status 
impossible. 50ml culture volumes had been used in previous work in this 
study (Chapter 3), where oxygen sufficient cultures of carbon, nitrogen and 
phosphorous limited media had successfully been attained. Hence the same 
set-up could be used in the natural product screen. 
In the previous work carried out in Chapter 3, the oxygen-limited cultures 
had been attained not only by the use of a nutrient rich medium, but also by 
the use of reduced agitation (150rpm), and the use of a different culture 
vessel, unbaffled Erlenmeyer flasks. Under such conditions the organism 
would presumably experience less shear as a result of the reduced mixing 
potential of a fuller non-baffled vessel. Hence in order to maintain the 
ability to compare cultures in different media, it was necessary for them to 
all be cultured in the same vessel. Since dissolved oxygen profiles were 
available for 250ml baffled Erlenmeyer flask cultures of S. erythraea and 
Aorientalis in C-, N-, and P-ltd media, this became the vessel of choice. 
Hence it was necessary to develop an oxygen limited and a slowly 
assimilated medium based around the use of this culture vessel. 
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6.3.2 Develoment of an Oxvý, Yen Limited Medium 
Initially, cultures of A. orientalis and S. erythraea were carried out in the 
previously used oxygen limited medium, as described in Chapter 3, 
however the culture was now carried out at 250rpm in a baffled 
Erlenmeyer flask, as opposed to 150ml in a non-baffled vessel. 
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Figure 6.1: Growth of S. erythraea in (50g/l Glucose) Oxygen Limited Medium at 
250rpm in a Baffled Erlenmeyer Flask. 
When this medium had previously been employed in the growth of 
S. erythraea in unbaffled flasks (Chapter 3: Figure 3.1), the DOT had fallen 
to almost zero, in baffled flasks it only dropped to a minimum level of 
around 40% after 60 hours of culture (Figure 6.1). A higher biomass had 
been attained than in previous culture (c. a. 6.5gl-'), reaching a maximum 
concentration of around 8gl-1. This enhanced biomass production is 
possibly a result of enhanced mass transfer by the use of baffled flasks and 
increased agitation. The red pigment previously noted during oxygen 
limited culture of S. erythraea was not observed in this instance, although 
erythromycin production was detected. Glucose became exhausted at 
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around 110 hours, with lysis occurring. There was a concurrent increase in 
DOT and reduction in biomass concentration observed. From the DOT 
trace and non-production of the red pigment it was decided that growth of 
S. erythraea in the previously used oxygen limited medium, under these 
culture conditions, was not oxygen limited. 
A very similar scenario emerged during culture of korientalis under the 
revised culture conditions (Figure 6.2). 
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Figure 6.2: Growth. of A. ofientalis in (50g/l Glucose) Oxygen Limited Medium at 
250rpm in a Baffled Erlemneyer Flask. 
Previous growth of A. orientalis in this medium under reduced aeration 
efficiency culture conditions, resulted in a DOT of around 0% (Chapter 3: 
Figure 3.3). However during growth at 250rpm, in baffled Erlenmeyer 
flasks the minimum DOT reached was only around 40% of saturation 
(Figure 6.2), after 60 hours of culture. The maximum biomass attained 
under the new conditions (c. a. 6gl-') was considerably higher than 
previously (c. a. 3.5gl-'). This was presumably as a result of enhanced mass 
transfer in the baffled flasks, as outlined previously. An alternative or 
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additional explanation is that the gelatinous floccular growth of 
A. orientalis previously mentioned in this study and observed by Clark 
(1993) and McIntyre et al. (1995) may have been more disrupted by the 
increased shear in baffled flasks at 250rpm. This breakage would have 
resulted in more hyphal tips being generated and hence increased growth of 
the organism. Glucose was the only nutrient to become exhausted during 
the culture, it was not detected after about 90 hours. Following glucose 
exhaustion lysis occurred, with a concurrent decrease in biomass 
concentration, consequently DOT of the culture was also seen to rapidly 
rise. 
Vancomycin production was detected in the culture, hence it appeared, 
along with the evidence from the DOT trace, that the culture was not 
oxygen limited. 
From these experiments it was apparent that glucose was the limiting 
nutrient, in that it was the first to become exhausted in both cultures. 
Hence glucose concentration of the medium was critical in determining the 
maximum biomass that the medium could attain. In the previously used 
oxygen limited medium, glucose concentration was 50gl-1, it was 
demonstrated (Figures 6.1 & 6.2), that the biomass attained in this medium 
was not sufficiently high to exceed the oxygen supply rate of the baffled 
Erlenmeyer flasks. It was therefore necessary to develop a medium capable 
of sustaining a higher biomass which would consequently have a higher 
oxygen uptake rate, which could not be met by the baffled flask, resulting 
in oxygen limitation. It was important to ensure that any medium 
178 
developed, by the increasing of glucose concentration, was not limiting in 
either phosphorous or nitrogen. 
A variety of glucose concentrations were tried, with all media being based 
around the same nitrogen and phosphorous concentrations used in the 
previous oxygen limited medium. The glucose concentration that was used 
was 65gl-1, since this gave satisfactory DOT traces and physiological 
responses from the two model organisms; S. erythraea and A. orientalis and 
additionally did not result in nitrogen or phosphate limitation. 
In the newly developed oxygen limited medium, (65gl-1 glucose), 
korientalis grew to a maximum biomass concentration of almost llgl-1 
(Figure 6.3). 
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Figure 6.3: Growth of A. orientalis in (65g/l Glucose) Oxygen Limited Medium at 
250rpm in a 250ml Baffled Erlemneyer Flask. 
DOT of the culture fell to zero after about 60 hours, where it remained for 
a further 50 hours (Figure 6.3). Biomass began to decrease at around 100 
hours, with a concurrent increase in DOT of the culture. All medium 
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nutrients remained in excess throughout the culture, including glucose. 
Presumably the decrease in biomass noted after 100 hours was a 
consequence of the prolonged exposure to oxygen limited conditions, an 
observation also noted by Clark (1993) and Clark et al. (1995). 
Vancomycin biosynthesis was not detected throughout the culture. As a 
result of the DOT trace and physiological responses of korientalis it was 
decided that this culture was oxygen limited. 
Growth of S. erythraea in the new oxygen limited medium was similarly 
enhanced with a maximum biomass concentration of around 12gl-l (Figure 
6.4). 
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Figure 6A Growth of S. erythraea in (65g/l Glucose) Oxygen Limited Medium at 
250rpm in a 250ml Baffled Erlemneyer Flask. 
DOT of the culture fell steadily, reaching a base level of zero at about 50 
hours. Growth of S. erythraea continued throughout this oxygen limited 
phase until around 80 hours, with the culture reaching peak biomass 
concentration. After 80 hours, biomass concentration began to decline and 
there was a subsequent increase in DOT of the culture (Figure 6.4). All 
180 
medium nutrients were in excess throughout the culture, including glucose. 
The decrease in biomass noted after 80 hours was presumably a 
consequence of the prolonged exposure to oxygen limited conditions, an 
observation also noted by Clark (1993) and Clark et al. (1995). 
Erythromycin production was observed in the culture, presumably 
stimulated by oxygen limitation, since all other nutrients were in excess. 
The novel red pigment produced by S. erythraea, was also produced, its 
appearance being first observed at around 45 hours. As a result of the DOT 
trace and physiological responses of S. erythraea it was decided that this 
culture was oxygen limited. 
If we assumed the responses of other actinomycetes to be similar to those 
of the model organisms then we can assume that organisms cultured in the 
(65gl-1 glucose) oxygen limited medium, ( N. B. from here on called the 
oxygen limited medium in this chapter), would experience oxygen 
limitation. 
6.3.3 The Potential of a Slowly Assimilated Medium (SAM) 
As was seen in Chapter 5, in the case of SM14, industrial screening media 
are traditionally rather ill defined in their exact nutrient concentrations, 
traditionally containing such things as flours, starches and animal and plant 
extracts. As a result of the high concentration of varied nutrients, and the 
subsequent high biomass generated, oxygen demand is often very high in 
such media. The high solute potential of such media allied with dense cell 
growth also greatly increases culture viscosity, which further hampers 
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mixing and gaseous transfer (Vandamme et al., 1981). If culture conditions 
or vessel design are unable to meet the oxygen demand rate of a culture 
grown in such a medium then oxygen limitation occurs. The problem is 
highlighted in the production of gramicidin S by Bacillus brevis which 
requires a much higher aeration efficiency when grown in complex medium 
than in defined medium (Vandamme et al., 1981). Nevertheless industrial 
screens demand the generation of high biomass concentrations in an 
illogical attempt to increase the potential of finding a novel product, 
equating increased biomass with increased chemical diversity. Such 
empirical design of screening media, usually revolving around the 
introduction of novel or varied nutrient sources is clearly of only limited 
use. The rational design of media with an intended physiological effect, is 
often neglected in the initial screening procedure and is only employed 
later in the fermentation development steps. Potentially, if the screen 
medium is not optimised to be sufficiently varied, with a range of targeted 
physiological effects, then the potential product diversity of an organism 
will not be expressed. The most terrible scenario is that the majority of the 
rich complex media used in high throughput natural product screens are 
indeed oxygen limited, though without suitable dissolved oxygen data this 
is impossible to assess. If this scenario were indeed or at least in part true, 
and the speculation of Bushell (1989b) is correct, in that oxygen limitation 
is able to eclipse the effects of other nutrient limitations, then many high 
throughput screens will have to be totally reviewed with a view to 
including culture oxygen status as a key parameter in medium design and 
optimisation. 
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The rationale behind the development of a slowly assimilated medium or 
SAM, was that it would potentially produce the high biomass 
concentrations demanded of industrial high throughput screens, but, by the 
use of appropriate nutrients would have a comparatively low oxygen 
demand rate. Since medium carbon source had a profound effect on the 
biomass potential of a medium it was decided to initially attempt to 
manipulate this constituent of the medium. It has been demonstrated 
(Anderson et al., 1975) that the use of polymeric carbon sources as 
opposed to monomers such as glucose could greatly reduce the maximum 
specific growth rate (gn)of an organism. Anderson et al. (1975) showed 
the g,,, of Fusarium graminearum grown on glucose to be 0.28, whilst on 
maltose a two glucose unit disaccharide it was reduced to 0.22, it was 
further affected by growth on maltotriose, which consists of three glucose 
units, dropping to only 0.18. This drop in growth rate is a result of the 
organism expending metabolic energy in the enzymatic splitting of these 
polymeric units into a metabolisable form. As a result of this growth rate is 
limited by the rate of this conversion step, with a resultant drop in oxygen 
requirements, as a consequence of the reduced growth rate. Essentially the 
organism receives a drip feed of the metabolisable carbon source, with the 
rate of feed being dependent upon the conversion of polymeric carbon 
source. 
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6.3.4 The Design of the Slowly Assimilated Medium (S 
Using the physiological marker that vancomycin production was repressed 
under oxygen limitation, a range of polymeric carbon sources were 
evaluated, at varying concentrations (30-60gl-'), with medium nitrogen and 
phosphate being kept at the same concentrations as that used in the oxygen 
limited medium. The key factors in determining suitability was a high 
biomass concentration, equal to that of the oxygen limited medium and also 
the production of vancomycin. If any of the media were capable of 
delivering these two prerequisites, then a miniaturised probe would be 
committed, for concrete proof of culture oxygen status. Carbon sources 
tested included lactose, sucrose, maltose and soluble starch. Growth of 
korientalis was not reported in any of these carbon sources after 5 days 
incubation at 30T. It appeared that korientalis did not possess the ability 
to synthesise the necessary enzymes in order to convert the polymeric 
carbon source to a metabolisable form. An alternative suggestion was that 
with only the polymeric carbon source available for growth, there was not 
time to allow the organism to adapt to the conditions and initiate the 
production of the necessary enzymes. In order to alleviate this problem 
10gl-1 glucose was added to each of the media in an attempt to initiate 
growth and provide energy for the biosynthesis of the necessary enzymes 
for carbon source utilisation. Although growth did occur in this instance, 
on all the various carbon sources, only low biomass concentrations were 
detected. It was also observed that growth of korientalis did not continue 
following the exhaustion of glucose from the medium, hence it became 
apparent that the polymeric carbon sources were not being utilised. Though 
rather less defined in composition, a range of dextrins was also used as 
184 
carbon sources, unfortunately these too resulted in little or no growth of 
korientalis. 
It appeared that manipulation of carbon source was not a feasible 
possibility due to the poor growth of the organism on alternative sources. It 
was decided to attempt to reduce culture oxygen demand by the 
manipulation of the nitrogen source. The medium had used NaN03as the 
nitrogen source, and it was speculated that if we were able to employ a 
slowly assimilated nitrogen source it would reduce the oxygen demand of 
the culture. Traditionally media used for the production of secondary 
metabolites sensitive to nitrogen regulation employ soybean meal in their 
formulation. Soybean meal or soy flour is the residue from soybeans after 
the extraction of soybean oil. Analysis shows a protein content of 50%, a 
carbohydrate content of 30% (sucrose, stachyose, raffinose, arabinoglucan, 
arabinan, and acidic polysaccharides), 1% residual fat and 1.8% lecithin 
(Crueger & Crueger, 1989). The slow breakdown of this product prevents 
large accumulations of ammonium or amino acids (Demain, 1986), and 
would hopefully result in the slowing of metabolism by the necessity for 
enzymatic splitting of these complex molecules into a metabolisable form. 
As a result of this, metabolic rate is limited by the rate of this conversion 
step, with a resultant drop in culture oxygen requirements. 
From the initial experiments concerning the manipulation of carbon source, 
it appeared that large parts of the soymeal i. e. the polysaccharide content 
would be unmetabolisable by the organism, hence if it were used as a slow 
nitrogen feed then it was unlikely that it would significantly contribute to 
the available carbon for growth. Similarly to oxygen limitation, the use of a 
185 
slowly metabolisable substrate source ensures that the slow feed substrate 
is constantly made available to the organism, and it is the rate of supply 
that determines whether or not limitation occurs. Hence cultures employing 
medium components such as soy meal do not become truly nitrogen limited 
until the all the soya meal nitrogen content has been exhausted. 
The soy meal flour, Arkasoy, was employed as a slowly assimilated 
nitrogen source. Using the oxygen limited medium (65gl-1 glucose), as a 
basis for formulation modification, the NaN03previously used was omitted 
and replaced with Arkasoy at a range of concentrations (10-30gl-'). The 
particulate nature of the Arkasoy, which also assisted in slowing 
assimilation, also made accurate estimation of biomass difficult. It was 
necessary to compare all biomass figures obtained by dry weight analysis 
against a medium blank in order to minimise error. A. orientalis grew very 
well in the Arkasoy based medium, with high biomass concentrations being 
attained. The actual concentration opted for was a gram for gram 
replacement of the nitrogen source used in the original defined oxygen 
limited medium i. e. 18.53gl-'. This resulted in biomass concentrations in 
excess of 10gl-' and production of vancomycin and erythromycin by 
korientalis and S. erythraea respectively, was confirmed. A phosphate 
source and buffering capacity was supplied by the addition of 3gl-I of 
KH2PO4 and 7gl-1 of K2HP04. Final constituents of the SAM (gl-1): 
Glucose, 65; Arkasoy, 18.53; KH2PO4,3.0; K2HP04,7.0. 
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Figure 6.5: Growth of korientalis in Slowly Assimilated Medium at 250rpm in a 
Baffled Erlemneyer Flask. 
Growth of korientalis in the slowly assimilated medium (SAM) resulted 
in a maximum biomass concentration of approximately l2gl-1 (Figure 6.5). 
The minimum DOT of the culture was approximately 40% of saturation 
and was observed during the exponential phase of culture (Figure 6.5), it 
can be speculated that the rapid growth observed in the early phase of 
culture resulted in the utilisation of more rapidly assimilated nitrogen 
sources, including perhaps free amino nitrogen, this resulted in rapid 
metabolic activity and a rapid decrease in the DOT of the culture. One can 
postulate that after the depletion of such nitrogen sources, the organism is 
dependent upon more complex sources of nitrogen and hence may need to 
break down complex protein molecules by the action of proteases to satisfy 
the organism's requirement for molecular nitrogen. Therefore another 
limiting step is introduced that may limit the rate of metabolism and hence 
may reduce the organism's oxygen requirement rate for catabolism and 
anabolism. All nutrients remained in excess throughout the culture, in 
addition vancomycin biosynthesis was confirmed and hence it can also be 
assumed that oxygen was not a limiting nutrient. 
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Figure 6.6: Growth of S. erythraea in Slowly Assimilated Medium at 250rpm in a 
Baffled Erlenmeyer Flask. 
Growth of S. erythraea in the slowly assimilated medium (SAM) resulted in 
a maximum biomass concentration of approximately l2gl-1 (Figure 6.6). 
The minimum DOT of the culture, similarly to korientalis, was 
approximately 40% of saturation, and was observed during the exponential 
phase of culture (Figure 6.6). As discussed previously, it can be speculated 
that this phase of the growth cycle consumes the more readily assimilated 
nitrogen sources available in the Arkasoy, and that this rapid metabolic 
activity and growth results in significant consumption of the oxygen 
supplied via flask agitation. Following depletion of the readily assimilated 
nitrogen sources, it can be postulated that S. erythraea needs to metabolise 
less readily assimilated nitrogen sources in order to satisfy its nitrogen 
requirements. The catabolism of these complex sources then serves as an 
additional rate limiting step and hence metabolic activity slows, 
presumably resulting in a reduction in the oxygen requirements of the 
culture. All nutrients remained in excess throughout the culture, in addition 
erythromycin biosynthesis was confirmed in the absence of the 
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biosynthesis of the novel red pigment. It can therefore be assumed that 
oxygen was not a limiting nutrient. 
6.4 The Metabolite Screen 
Actinomycete strains, consisting of 16 known species from public culture 
collections and 5 unknown strains from the Glaxo Wellcome culture 
collection were grown in the C-, N-, P- and O-limited synthetic media 
(Section 2.2). Each culture filtrate was examined after 72h using the 
extraction method (Section 5.3.2.2) and HPLC procedure described 
previously (Section 5.4.2). Absorbance at 210nm (the absorbance due to a 
C-H bond) was plotted against retention time for each sample and the 
number of peaks obtained from each culture was compared. The number of 
peaks per se was used as an estimate of the number of products capable of 
being produced by each culture (Figure 6.7). Chi squared tests confirmed 
that the differences in peak numbers observed in the different media were 
significant when all 4 media were considered (Chi2 =73). 
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6.5 Results and Discussions 
Strain C- 
limited 
Medium 
N- 0- 
limited limited 
p- 
limited 
A. orientalis 7 4 15 17 
S. alboniger 3 3 4 10 
S. atrofaciens 4 2 2 5 
S. ca ttleya 2 5 2 3 
S. coelicolor 8 6 4 12 
S. erythraea 11 3 5 5 
S. fasiculatus 3 7 3 8 
S. fradiae 3 3 2 3 
S. graminofaciens 3 3 7 4 
S. griseochromogenes 7 3 3 3 
S. griseus 6 5 3 4 
S. hygroscopicus 4 4 3 16 
S. lincolnensis 2 2 2 2 
S. michiganensis 6 8 1 33 
S. narbonensis 10 9 3 13 
S. noursei 5 13 30 36 
S. pristinaespirillis 2 3 5 2 
S. roseoviridis 5 4 26 21 
S. spectabilis 2 2 2 4 
unknown strain I 10 27 14 24 15 
unknown strain 154 5 9 5 12 
unknown strain 35 6 4 6 16 
unknown strain 37 5 4 4 12 
unknown strain 52 8 6 7 17 
total 144 126 168 273 
Figure 6.7: Number of Peaks in Chromatogram at 210nm vs. Retention Time 
Obtained From the Test Cultures in Each SYnthetic Medium. 
The most effective medium was the P-limited medium, in which a total of 
273 peaks was observed, followed by the oxygen and the carbon-limited 
media, with the nitrogen-limited medium providing the smallest number of 
peaks. A comparison of the relative effectiveness of different culture 
190 
nutrient limitations in stimulating product formation has not been published 
previously, although the requirements of different antibiotic classes for 
specific nutrient limitations to induce their biosynthesis has been noted 
(e. g. Bushell, 1988). The comparative effectiveness of oxygen limitation in 
A. orientalis was noteworthy since the antibiotic produced by this culture, 
(vancomycin) is not produced under oxygen limitation (Clark et al., 1995 
and Chapter 3, this Thesis). These data suggest that this lack of production 
is due to a specific effect in vancomycin production and not product 
formation in general in this species. 
It has been suggested that most media used in industry, including those 
used for screening, are formulated for high biomass production and result 
in oxygen limitation (Bushell 1988). The comparatively high number of 
peaks detected in the oxygen limited cultures (168) is consistent with the 
success of industrial screens to date. However, the potential for improving 
the success rate of screens, using an array of different nutrient limitations is 
highlighted by the higher number of peaks detected in the P-limited 
cultures (273). 
In order to determine the effect of each medium on the diversity of 
products detected by the HPLC procedure, the array of retention times for 
each peak was examined in each strain and these arrays compared for each 
medium. To accomplish this, principal components analysis was employed. 
Principal components analysis is a form of data reduction, a procedure that 
facilitates visualisation and comparison of a large number of data by 
transforming them into a smaller number of variables called eigen vectors. 
In doing this, much of the information needed to distinguish between the 
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cases being analysed (in this case, the strains) is contained in the first eigen 
vector and the objective of the procedure is that at least 90% of 
distinguishing information will be contained in the first 3 eigen vectors, 
allowing the relationships between the cases to be visualised in a2 or 3- 
dimensional plot. This procedure has been used extensively in numerical 
taxonomy of n-ticro-organisms (Sneath & Sokal, 1973). 
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Figure 6.8: Principal Components Analysis of the Array of Retention Times of the 
Products Detected by the HPLC Procedure in the Nitrogen Limited Medium. 
The spread of strains due to principal components analysis of the array of 
retention times of the products detected is clearly less in the N- limited 
medium (Figure 6-8) than that observed in the C- limited medium (Figure 
6.9). 
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Figure 6.9: Principal Components Analysis of the Array of Retention Times of 
the Products Detected by the HPLC Procedure in the Carbon Limited Medium. 
This difference is reflected in the higher number of peaks that were 
detected in the carbon-limited medium. 
The next most prolific medium in terms of number of peaks had the oxygen 
limited formulation. The trend observed when comparing Figures 6.8 and 
6.9 continues as the spread of strains in Figure 6.10 is greater than that 
observed in Figure 6.9. 
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Figure 6.10: Principal Components Analysis of the Array of Retention Times of 
the Products Detected by the HPLC Procedure in the Oxygen Limited Medium. 
The overall spread of product data in phosphate-limited medium, which 
resulted in the most prolific cultures in terms of number of peaks appeared 
lower than in the other cultures (Figure 6.11). 
Figure 6.11. Principal Components Analysis of the Array of Retention Times of 
the Products Detected by the HPLC Procedure in the Phosphate Limited 
Medium. 
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This illustrates one of the limitations of principal components analysis, the 
significant influence of outliers on the overall mapping of cases. Clearly, S. 
michiganensis could be especially differentiated in this medium, by virtue 
of its ability to synthesise most of its products in the P- limited medium 
(Figure 6.7). This had the effect of bunching the remaining cases together. 
The decision to eliminate outliers from an analysis depends on the 
objective of the experiment (Hawkins, 1980). In this case, it is to 
investigate whether an array of media with different nutrient limitations has 
more potential for producing novel products than an oxygen-limited 
medium. It could be argued that elimination of S. michiganensis from the 
analysis would give a clearer idea of the diversity of products produced by 
the other strains. However since the objective of the screen is the ability to 
detect a wide range of unknown products, it is likely that the potential new 
products will, in fact, be "outliers" amongst the range of species screened. 
Given the highly significant increase in the number of peaks in the P- 
limited culture, it would clearly be desirable to include a P-limited medium 
in a screen for novel natural products. 
One reason given for the lack of inclusion of synthetic media in industrial 
screens is the comparatively low biomass concentration supported by 
them. In order to obtain a high biomass but avoid oxygen limitation, it is 
necessary to limit the growth rate, and, therefore, the oxygen uptake rate of 
the culture 
To this end, the medium with complex, slowly-released nutrients was 
developed. 
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Strain C- 
limited 
N- 
limited 
Medium 
0- p- 
limited limited 
Slow release 
A. orientalis 7 4 15 17 33 
S. alboniger 3 3 4 10 35 
S. atrofaciens 4 2 2 5 7 
S. ca ttleya 2 5 2 3 5 
S. coelicolor 8 6 4 12 43 
S. erythraea 11 3 5 5 34 
S. fasiculatus 3 7 3 8 47 
S. fradiae 3 3 2 3 30 
S. graminofaciens 3 3 7 4 36 
S. griseochromogenes 7 3 3 3 30 
S. griseus 6 5 3 4 43 
S. hygroscopicus 4 4 3 16 40 
S. lincolnensis 2 2 2 2 31 
S. michiganensis 6 8 1 33 41 
S. narbonensis 10 9 3 13 34 
S. noursei 5 13 30 36 52 
S. pristinaespirillis 2 3 5 2 39 
S. roseoviridis 5 4 26 21 41 
S. spectabilis 2 2 2 4 21 
unknown strain 110 27 14 24 15 2 
unknown strain 154 5 9 5 12 51 
unknown strain 35 6 4 6 16 46 
unknown strain 37 5 4 4 12 47 
unknown strain 52 8 6 7 17 52 
total 144 126 168 273 840 
Figure 6.12: Number of Peaks Detected at 210nm vs. Retention Time Obtained From 
the Test Cultures in Each Medium. 
A biomass of 12 gl-l was obtained in both S. erythraea and A. orientalis 
cultures using this medium (Figures 6.5 and 6.6), compared with around 
3.7,4.5, and 2.7 gl-1 respectively in the C-, N-, and P- limited media. 
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Inclusion of the miniature dissolved oxygen electrode in cultures using the 
medium confirmed that they were not oxygen limited (figures 6.5 and 6.6). 
The increased biomass concentration obtained in the slow release medium 
resulted in a significant increase in the number of peaks detected (Figure 
6.12). The relative distribution of peaks number resembles that of the P- 
limited medium the most closely (regression correlation coefficients of 
-3.1,0.07,0.04 and 0.4 were obtained for correlation of slow release 
culture data with, respectively, C-, N-, 0- and P-limitation). Although 
more work is required in order to determine the exact nature of the limiting 
nutrient(s) in this medium, these results indicate the potential for obtaining 
an array of media supporting high biomass with different nutrient 
limitations, in the absence of oxygen limitation. 
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Chapter Seven 
Results 
The Effect of Dual Limitation on 
Antibiotic Production 
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7.1 Objective 
To investigate the effects of dual limitation, i. e. C-, N- and P- limited 
cultures grown under reduced aeration resulting in oxygen limitation, upon 
secondary metabolite production in Amycolatopsis orientalis. 
7.2 Summary 
Using a defined medium, A. orientalis was subjected to a variety of 
nutrient limitations, including carbon, nitrogen and phosphate. In addition 
to these 'traditional' limitations, additional oxygen limitation was imposed 
-. as a result of a low aeration rate. 
It was demonstrated that oxygen limitation was effective at down- 
regulating the growth rate of A. orientalis. It was confirmed that oxygen- 
limitation is effective at repressing the production of vancomycin. It was 
also found that oxygen-limitation was able to 'eclipse' the actual intended 
limitation of a culture and hence affect secondary metabolite production in 
a manner previously observed under purely oxygen limited conditions i. e. 
repression of vancomycin biosynthesis. Such a finding has serious 
implications for natural product metabolite screening, in that if 
unintentional oxygen limitation is inadvertently introduced into a screen, it 
would greatly undermine the effectiveness of employing a range of screen 
media to increase chemical diversity. 
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7.3 Experimental Outline 
Batch culture of korientalis was carried out in an LH2000 series 
bioreactor, using C-Itd, N-ltd, P-ltd and02-ltd media (see Chapter 2, 
Materials and Methods). To create oxygen limited conditions a low 
aeration rate of 0.18 lmin-1 (0.05v/v/M) was used, this flow rate having 
been decided using previous range finding cultures. This flow rate resulted 
in DOT values of less than 10% and was demonstrated to have a 
significant impact on maximum biomass concentration of the culture. 
Cultures were stirred at 500rpm. In the oxygen sufficient cultures the 
aeration rate was increased to 7.00 hnin-1 (2v/v/m), stirrer speed was 
maintained at 500rpm. to prevent culture variation as a result of shear 
forces. Samples were taken at 6-12 hour intervals and biomass, secondary 
metabolite, glucose, nitrate and phosphate concentrations determined. In 
addition, protein synthesis rate of the producing organism was monitored 
by incorporation of radiolabelled leucine. Oxygen uptake rate (OUR) of 
the culture was calculated using exit gas analysis data. 
7.4 Results 
Dissolved nutrient limitations (C-, N- and P-) were achieved in each 
media, under reduced aeration conditions oxygen limitation was 
successfully superimposed, providing dual limited conditions for part of 
the duration of the culture. In oxygen sufficient cultures, DOT of the 
culture did not fall below 70% of saturation. 
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7.4.1 Amycolatopsis orientalis 
7.4.1.1 Oxyg n Limited Medium 
This culture utilised the02-ltd medium, containing carbon, nitrogen and 
phosphorous. Thus it was possible to examine the isolated effects of 
okygen limitation without the influence of nutrient limitation due to the 
other substrates. 
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Figure 7.1: Changes in DOT During Growth of A. orientalis in Oxygen Limited 
Medium Under Conditions of Oxygen Limitation. 
A peak biomass concentration of 2.6gl-1 was observed at around 100 hours 
(Figure 7.1). This peak biomass coincides with minimum DOT (around 
12%) which was maintained for approximately 55 hours. Oxygen was the 
only limiting nutrient throughout the culture, with all other nutrients in 
excess, hence it can be assumed that growth of korientalis under these 
conditions was oxygen limited. 
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Figure 7.2: The Effect of Oxygen Limited Conditions on the Estimated Specific 
Growth Rate of A. ofientalis. 
It was observed that the oxygen limited conditions had a marked effect 
upon the specific growth rate of korientalis resulting in a sharp decrease 
in growth rate associated with the fall in DOT of the culture at around 70 
hours (Figure 7.2). There was no apparent stationary phase observed with 
the culture. Following the dramatic decrease in specific growth rate, 
biomass of the culture was observed to steadily fall (Figure 7.1) 
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Figure 7.3: Changes in OUR During Growth of A. ofientalis in Oxygen Limited 
Medium Under Conditions of Oxygen Limitation. 
The Oxygen Uptake Rate (OUR) of the culture increased in a similar 
manner to that of biomass accretion (Figure 7.3). Maximum OUR of the 
culture occurred at around 70 hours coinciding with maximum biomass 
concentration and also the maximum specific growth rate (Figure 7.2) of 
the culture. In a similar manner to the specific growth rate, OUR of the 
culture was also seen to steadily decline following the peak at 70 hours 
(Figure 7.3). 
As was demonstrated in Chapter 3 of this thesis and by Clark (1993) and 
Clark et al., (1995), it was confirmed that vancomycin biosynthesis was 
repressed by oxygen limited conditions with no antibiotic production being 
detected throughout the course of the culture. 
The protein synthesis rate of A. orientalis was detem-Lined by measuring 
the rate at which a radiolabelled precursor, in this instance 
3 H-leucine, was 
incorporated into the biomass of the organism. The effect of oxygen 
limitation on protein synthesis rate was dramatic (Figure 7.4). 
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Figure 7.4: The Effect of Oxygen Limitation on the Protein Synthesis Rate of 
A. ofientalis. 
As DOT began to decrease there was a dramatic fall in protein synthesis 
rate with protein synthesis being arrested at approximately 80% DOT, at 
around 50 hours culture time (Figure 7.4). This base level was constant 
throughout the oxygen limited phase of the culture, recovering slightly as 
DOT began to increase. Considering that all other nutrients were in excess 
throughout the culture it can be speculated that the down regulation in 
protein synthesis rate was a direct effect of oxygen limitation. Previous 
work within the group (Lynch & Bushell, 1995; Wilson & Bushell, 1995) 
has linked a down regulation in protein synthesis rate with the induction of 
secondary metabolite production. Wilson and Bushell (1995) had 
demonstrated that the production of erythromycin and bialaphos by 
Saccharopolyspora erythraea and Streptomyces hygroscopicus 
respectively, was associated with the protein synthesis rate of the culture 
reaching a non-detectable level. The occurrence of this minimal level of 
protein synthesis rate was associated with a minimum ratio of charged to 
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uncharged t-RNA species. An increased level in uncharged t-RNA would 
result in competition with the charged amino acyl t-RNA for the 30S 
component of the ribosome A-site, which leads to a halt in polypeptide 
chain elongation and commits the ribosome to ppGpp production 
(Goodman & Jakubowski, 1990). Wilson and Bushell (1995) proposed 
that although the link between charged and uncharged t-RNA and 
activation of antibiotic biosynthetic genes was not known, that it would 
presumably operate in a manner analogous to that of the stringent 
response. With this in mind Wilson and Bushell (1995) proposed a 
regulatory cascade to explain the involvement of protein synthesis rate and 
t-RNA species ratios in the initiation of secondary metabolism (Section 
1.9, page 34). In the work of Wilson and Bushell (1995), protein synthesis 
rate of the culture was shown to reach a maximum level during the early 
exponential phase of growth, the level then gradually declined reaching a 
base level, coincident with the onset of antibiotic production. However the 
sharp decrease observed in this culture of korientalis did not result in the 
production of vancomycin. Both Lynch and Bushell (1995) and Wilson 
and Bushell (1995) found that secondary metabolite production followed a 
sustained period of down regulation of protein synthesis rate, a situation 
that did not occur in this experiment, the period of down regulation being 
very brief and very rapid. 
Anoxia, has been demonstrated in higher organisms to have a dramatic 
effect on protein synthesis rate. Kwast and Hand (1996) observed that 
mitochondrial protein synthesis of the brine shrimp Artemia franciscana 
was reduced by 79% under anoxic conditions. It was demonstrated that 
oxygen limitation suppressed protein synthesis and that this was capable of 
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arresting mitochondrial anabolic processes. Intramitochondrial pH was 
also shown to have a significant effect on the protein synthesis of the 
organism though the mechanism of these effects was not elucidated, 
however anoxia and the dramatic decrease in protein synthesis rate was 
also associated with significant changes in the adenine nucleotide pool. 
Lack of antibiotic production by Amycolatopsis orientalis may be due to 
oxygen limitation reducing the pool of available precursors or 
intermediates to feed the vancomycin biosynthetic pathway. Alternatively 
the vancomycin biosynthetic pathway may have a high requirement for 
oxygen and subsequently cannot operate under such oxygen limited 
conditions. Another explanation is that the oxygen limited conditions had 
adversely affected the adenylate pool of A. orientalis making secondary 
metabolite production impossible due to limited available metabolic energy 
within the cell. 
From this initial experiment it was clear that oxygen limitation was capable 
of having a marked effect upon the physiological state of Aorientalis and 
that such conditions were capable of repressing the biosynthesis of 
vancomycin. In addition, it was apparent that the speculation that down 
regulation of protein synthesis rate, was involved in the initiation of 
secondary metabolism, required further investigation. 
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7.4.1.2 Carbon Limited and Oxygen Limitation 
Culture of A. orientalis in C-ltd medium, under reduced aeration, produced 
a peak biomass concentration of 1.86 gl-1. Peak biomass concentration 
coincided with minimum DOT, which reached a base level of around 9% 
(Figure 7.5). 
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Oxygen limitation of the culture was hence achieved at around 40 hours 
(Figure 7-5), however carbon limited conditions did not become apparent 
until around 120 hours when glucose became exhausted from the medium 
(Figure 7.5). Maximum biomass concentration of the culture was reached 
at around 50 hours, and began to decrease at around 80 hours. However at 
this time all medium nutrients, including glucose, were in excess. It can be 
postulated that protracted exposure to oxygen limited conditions, as 
experienced here, may have had adverse effects upon the cellular 
functioning of korientalis. As a result of this, the organism was unable to 
maintain growth in these conditions. 
As biomass concentration began to fall, at around 80 hours it can be seen 
that the rate of glucose utilisation also dropped (Figure 7.5). However 
glucose consumption continued until medium glucose exhaustion occurred 
and complete lysis was observed indicating that no intracellular storage 
compounds were produced throughout the culture. 
The oxygen limited conditions also had a dramatic effect upon the culture 
growth rate profile (Figure 7.6). Maximum specific growth rate was 
achieved at around 35 hours, but had rapidly fallen to almost zero at 
around 50 hours (Figure 7.6), this pattern being similar to the drop in the 
DOT of the culture. 
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Figure 7.7: Changes in OUR of A. ofientalis Grown in Carbon Limited Medium 
Under Conditions of Oxygen Limitation. 
The OUR of the culture increased until 60 hours, with maximum OUR 
coinciding with maximum biomass concentration (Figure 7.7). Maximum 
OUR of the culture was observed at the same time as the minimum DOT 
of the culture. OUR was seen to drop rapidly after around 80 hours, with a 
concurrent increase in DOT of the culture (Figure 7.7). Nitrogen and 
phosphate were found to be in excess throughout the culture, in addition 
there was no vancomycin produced throughout the whole of the culture. 
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Figure 7.8: The Effect of Oxygen Limitation on Protein Synthesis Rate in 
A. orientalis Grown in Carbon Limited Medium. 
A similar pattern of protein synthesis down regulation was observed during 
the growth of korientalis in carbon limited medium under reduced 
aeration to that demonstrated in the purely oxygen limited medium (Figure 
7.8). The culture displayed a very rapid decrease in PSR, with a base level 
of almost zero detectable protein synthesis being reached at around 40 
hours, approximately the time of maximum biomass concentration of the 
culture. This minimal level of radiolabel incorporation was maintained for 
the remaining 120 hours of culture. This observation did not agree with 
previous findings in the group by Wilson and Bushell (1995), who 
observed that antibiotic biosynthesis coincided with the protein synthesis 
rate of the organism reaching a non-detectable level. They demonstrated 
that secondary metabolite production followed a period of sustained down 
regulation, a situation that was not observed in this culture, the period of 
down regulation being very brief and very rapid, as was that observed in 
section 7.4.1. L It can be speculated that the rapid down regulation in 
protein synthesis rate observed in this culture did not allow sufficient time 
for operation of the cascade proposed by Wilson and Bushell (1995), 
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however, it may be that oxygen limitation is affecting some other factor 
that may be preventing the biosynthesis of vancomycin. Oxygen limitation 
may have reduced the pool of available precursors or intermediates 
necessary for the functioning of the vancomycin biosynthetic pathway, or 
indeed, the pathway may require more oxygen than can be supplied under 
limiting conditions, for its operation. 
7.4.1.3 Carbon Limited and Oxygen Sufficiency 
Oxygen sufficient culture of A. orientalis in C-Itd medium produced a peak 
biomass concentration of around 4. Ogl -1 (Figure 7.9), around 215% of the 
maximum biomass concentration found in the same medium under oxygen 
limited conditions (Figure 7.5). Maximum biomass concentration was 
observed at around 55 hours, which coincided with the minimum DOT 
(75%), of the culture (Figure 7.9) 
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Figure 7.9: Changes in DOT During Growth of A. orientalis in Carbon Limited 
Medium Under Oxygen Sufficient Conditions. 
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The estimated maximum specific growth rate of the culture, a value of 
around 0.58h-1 (Figure 7.10), around 500% of the maximum specific 
growth rate encountered under oxygen limited conditions (Figure 7.6). 
Hence it can be seen that the oxygen limited conditions previously 
described (Section 7.4.1.2) can have a dramatic effect upon the growth 
capabilities of korientalis. 
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Figure 7.10: The Effect of Carbon Limited Conditions on the Specific Growth 
Rate of A. orientalis Grown in Oxygen Sufficient Carbon Limited Medium. 
All nutrients except glucose were found to be in excess throughout the 
culture, including oxygen (Figure 7.11). Carbon limited conditions became 
apparent at around 55-60 hours when glucose became exhausted from the 
medium (Figure 7.11). Maximum biomass concentration was reached at 
around 55 hours after which it began to decrease presumably as a result of 
glucose exhaustion (Figure 7.11). Cell lysis was observed after this time, 
indicating that no intracellular storage compounds were produced 
throughout the culture. 
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Figure 7.12: Changes in OUR of A. ofientalis Grown in Carbon Limited Medium 
Under Oxygen Sufficient Conditions. 
Maximum OUR of the culture was observed at approximately 55 hours, 
and coincided with the maximum biomass concentration of the culture 
(Figure 7.12). Maximum OUR of the culture reached approximately 0.016 
MMOI 02/L/h, approximately the same as that observed in the oxygen 
limited culture in the same medium. 
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Figure 7.13: Vancomycin Production by A. ofientalis Grown in Carbon Limited 
Medium Under Oxygen Sufflicient Conditions. 
Vancomycin biosynthesis was detected in the culture, reaching a maximum 
concentration of around 22mgl-1 (Figure 7.13). Secondary metabolite 
production was seen to begin after around 24 hours and increased in a 
similar manner to that of biomass accretion (Figure 7.13), and eventually 
leveRed out at around 50 hours at the maximum concentration of 22mgl-'. 
In the oxygen limited culture of korientalis in carbon limited medium 
there was no observed secondary metabolite production. In light of the 
observation that production was detected in an oxygen sufficient culture in 
the same medium, it can be postulated that repression of vancomycin 
biosynthesis in the former culture was as a result of the effects of oxygen 
limitation. 
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The PSR profile of the oxygen sufficient culture of korientalis (Figure 
7.14), was very different to the previous oxygen limited profiles, in that the 
rate of protein synthesis down regulation was much more gradual and did 
not become undetectable until lysis of the culture had occurred, at around 
70 hours. Wilson and Bushell (1995), observed that the protein synthesis 
rate of the organism was shown to reach a maximum level during the early 
exponential phase of growth, the level then gradually declined reaching a 
base level, coincident with the onset of antibiotic production. However, in 
this culture maximum protein synthesis rate was observed prior to 
exponential phase, and antibiotic biosynthesis was initiated prior to PSR 
reaching a non-detectable level. In this culture commencement of 
secondary metabolite biosynthesis can be seen to coincide with the down 
regulation of protein synthesis rate (Figure 7.14), rather than it reaching an 
absolute non-detectable level. It may be speculated that the change in 
protein synthesis rate observed here, is sufficient to significantly alter the 
ratio of charged to uncharged t-RNA species and hence the regulatory 
cascade proposed by Wilson and Bushell (1995) is initiated. 
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7.4.1.4 Nitroizen-Limited and Oxyaen Limitation 
Culture of korientalis in N-ltd medium under conditions of reduced 
aeration produced a maximum biomass concentration of 2.9gl-l (Figure 
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Figure 7.15: Changes in DOT During Growth of A. ofientalis in Nitrogen 
Limited Medium Under Conditions of Oxygen Limitation. 
Unlike growth in the carbon-limited medium, peak biomass did not 
coincide with minimum DOT of the culture (Figure 7.15). During the 
oxygen-limited phase of the culture, the biomass concentration remained 
stable at around 1.7gl-1 for approximately 50 hours, with DOT remaining at 
its base level of around 25%. Medium nitrate was observed to be 
exhausted by around 50 hours, with medium glucose becoming exhausted 
at approximately 200 hours (Figure 7.16) 
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Figure 7.16: Utilisation of Nitrate by A. ofientalis Grown in Nitrogen Limited 
Medium Under Conditions of Oxygen Limitation. 
Exhaustion of medium nitrate at around 50 hours coincided with the onset 
of the oxygen limited phase of the culture, when minimum DOT saturation 
was achieved (Figure 7.15 & 7.16). This resulted in a quasi-stationary 
phase, lasting approximately 50 hours, after which biomass once again 
began to increase, with no subsequent decrease in oxygen uptake rate 
(OUR) of the culture (Figure 7.17). 
0.008 
Gluoose 
0.006 
47-- 
ZZ, 
0 E 0.004 
E 
cr- 
:30.002 
0 
L4 
0 50 100 150 200 250 
Time (hrs) 
(--*-DOT (%) ---i--OUR (mmolfti]) 
2 
1.5 
1 
0.5 
100 
80 
60 
40 
20 
0 
300 
Figure 7.17: Changes in OUR During Growth of A. orientalis in Nitrogen 
Limited Medium Under Conditions of Oxygen Limitation. 
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Maximum OUR of the culture was observed to coincide with minimum 
DOT of the culture, but dissimilar to that observed in the case of growth of 
the organism in carbon limited culture, did not coincide with maximum 
biomass concentration of the culture (Figure 7.17). 
These results suggested that the organism had somehow adapted to the 
oxygen limited conditions during this quasi- stationary period, with these 
adaptations allowing further growth with a greatly reduced oxygen 
requirement. This adaptation may take the form of expression of certain 
hypoxic genes that allow the cell to utilise oxygen more efficiently 
(Zitomer & Lowry, 1992). This expression of hypoxic genes may bring 
about adaptation of the organism respiratory chain i. e. cytochrome spectra 
or the activation of an alternative enzyme system that allows a less diverse 
cellular functioning but is considerably less oxygen intensive. Such a 
system would obviously not be as effective as that employed under ideal 
conditions, or by evolutionary selection this more economic enzyme 
system would have become preferentially selected for primary use by the 
organism. 
This two stage growth pattern was also observed in the estimated specific 
growth rate of the organism (Figure 7.18), where after the initial rapid rise 
in specific growth rate, at around 30 hours, there was a dramatic fall during 
which A. orientalis entered the quasi- stationary phase. Specific growth rate 
was greatly reduced during this time, but at around 100 hours there was a 
slight increase to around 0.04h-1, which marks the commencement of the 
second phase of growth. This low level specific growth rate was 
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maintained until around 160 hours, when the culture began to lyse and 
biomass concentration began to decrease. 
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Figure 7.18: The Effect of Nitrogen limited Conditions on the Estimated Specific 
Growth Rate of A. orientalis Grown Under Oxygen Limited Conditions. 
Also noteworthy was the ability of A. orientalis to grow without any 
detectable source of medium nitrogen, this having been exhausted after 
approximately 50 hours. This 'cryptic' growth suggests that the organism 
was able to effectively recycle intracellular metabolites in order to generate 
available nitrogen. This presumably operates via a hierarchical system 
whereby less immediately necessary molecules are deemed more 
recyclable in order to maintain the availability of 'essential' molecules. 
Vancomycin production occurred in the first 50 hours of culture, during 
which, nitrogen became depleted and therefore was the growth-limiting 
substrate, and presumably responsible for the stimulation of secondary 
metabolite biosynthesis (Figure 7.19). Biosynthesis of vancomycin under 
nitrogen limited conditions is consistent with previous findings with A. 
orientalis. 
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Figure 7.19: Production of Vancomycin by A. orientalis Grown in Nitrogen 
Limited Medium Under Conditions of Oxygen Limitation. 
During the oxygen-limited phase of the culture (50-140 hours), the 
prevailing oxygen limitation seemingly eclipsed the nitrogen limitation, 
repressing subsequent vancomycin production (Figure 7.19). It has been 
previously suggested that oxygen limitation could eclipse effects of other 
nutrient limitations (Bushell, 1989) and that this 'eclipsing' may reduce 
potential product diversity in screens if the benefits of multiple nutrient 
limitations were removed (Bushell, 1988). The repression of vancomycin 
production by oxygen limitation is however consistent with previous work 
in Chapter 3 and that of Clark (1993) and Clark et al., (1995). 
As the DOT of the culture began to rise, at around 150 hours, production 
of vancomycin recommenced (Figure 7.19) presumably due to the 
alleviation of oxygen-limited conditions and the re-exerted stimulatory 
effect of the prevailing nitrogen limitation. Vancomycin production 
peaked after 200 hours at around 14mgl-', at which point glucose became 
exhausted and cell lysis occurred, indicating that no intracellular storage 
products had been formed throughout the culture. The bioactive peak 
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observed at 270 hours may have been the result of lytic products or the 
release of intracellular formed bioactive products. Vancomycin production 
seemed to be very closely linked with the oxygen status of the culture 
(Figure 7.19), with oxygen limitation having a strong inhibitory effect upon 
biosynthesis. 
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Figure 7.20: The Effect of Oxygen Limitation on the Protein Synthesis Rate of 
A. orientalis Grown in Nitrogen Limited Conditions. 
The protein synthesis rate (PSR) profile for the nitrogen limited culture 
showed similar findings to the previous oxygen limited cultures (Sections 
7.4.1.1 & 7.4.1.2), in that there is a very sharp decrease in the rate of 
protein synthesis of the culture in the early stages of growth (Figure 7.20). 
However this sharp decline in PSR, which occurred around 30 hours, 
continues less dramatically for an approximately further 50 hours. PSR 
reached a non-detectable level at approximately 80 hours. Kwast and Hand 
(1996), have observed that anoxia can have dramatic effects on 
mitochondrial protein synthesis rates in the brine shrimp Artemia 
franciscana. Wilson and Bushell (1995) also observed that the production 
of erythromycin and bialaphos by Saccharopolyspora erythraea and 
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Streptomyces hygroscopicus respectively, was associated with the protein 
synthesis rates of the cultures, reaching a non-detectable level. The 
previous oxygen limited cultures described in this chapter have all failed to 
produce any detectable vancomycin throughout the culture,, and all have 
displayed similarly dramatic protein synthesis down regulation profiles. 
The nitrogen and oxygen limited culture described here however, does 
produce a modest amount of vancomycin, approximately 12mgl-', during 
this phase of protein synthesis down regulation. The maximum protein 
synthesis rate of the previously described carbon and oxygen limited 
culture was approximately 7x 10-7 mmol leu/min per gram of biomass, this 
was observed just prior to the rapid decrease in protein synthetic rate 
(Figure 7.8). The maximum protein synthetic rate of the nitrogen and 
oxygen limited culture of korientalis described here, however, was only 
around 2x 10-7 mmol leu/min per gram of biomass. Therefore the down 
regulation experienced by the nitrogen limited culture is considerably less 
than that experienced by the carbon limited culture. Although the down 
regulation of protein synthesis rate isstill dramatic in comparison to the 
previously described oxygen sufficient culture, it is a considerably more 
sustained period of down regulation in comparison to the carbon and 
oxygen limited culture. Wilson and Bushell (1995) found that secondary 
metabolite production followed a sustained period of protein synthesis 
down regulation. Sustained down regulation was observed in the oxygen 
sufficient culture, and the down regulation observed in this culture (Figure 
7.20) is considerably more sustained and gradual than that observed in the 
carbon and oxygen limited culture (Figure 7.8). 
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7.4.1.5 Nitrogen-Limited and Oxygen Sufficiengy 
Culture of korientalis in N-ltd medium under oxygen sufficient conditions 
produced a maximum biomass concentration of 5.8gl-1 (Figure 7.21), 
exactly double that produced under oxygen limited conditions (Figure 
7.14). 
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Figure 7.21: Changes in DOT During Growth of A. ofientalis in Nitrogen 
Limited Medium Under Oxygen Sufficient Conditions. 
DOT of the culture did not drop below 80% and hence it can be assumed 
that oxygen was not a limiting nutrient, minimum DOT of the culture was 
observed to coincide with the maximum biomass concentration. 
Nitrate was seen to be exhausted from the medium by approximately 25 
hours (Figure 7.22), apart from glucose which became exhausted after 70 
hours, all other nutrients were in excess throughout the culture. Exhaustion 
of glucose from the growth medium coincided with cell lysis, indicating 
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that the organism did not produce intracellular storage compounds during 
culture. 
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Figure 7.22: Utilisation of Nitrate by A. ofientalis Grown in Nitrogen Limited 
Medium Under Oxygen Sufficient Conditions. 
Once again the 'cryptic' growth i. e. growth without any detectable source 
of nitrogen was observed, similarly to that observed under oxygen limited 
conditions (Section 7.4.1.4). As mentioned this growth pattern suggests 
that A. orientalis is capable of effectively recycling intracellular metabolites 
in order to generate utilisable nitrogen. This may operate via a molecular 
hierarchical scheme whereby less immediately necessary molecules are 
deemed more recyclable in order to maintain the availability of 'essential' 
molecules. 
Maximum oxygen uptake rate (OUR) of the culture was seen to coincide 
with the maximum biomass concentration at approximately 50 hours 
(Figure 7.23). OUR of the culture was seen to steadily increase as the 
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biomass concentration increased. Following cell lysis, the oxygen 
requirements of the culture decreased. 
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Figure 7.23: Changes in OUR During Growth of A. orientalis in Nitrogen 
Limited Medium Under Oxygen Sufficient Conditions. 
Maximum estimated specific growth rate occurred at around 20 hours 
culture time, after which it was observed to rapidly fall to around 0.1 h-1, at 
around 30 hours. The growth rate then steadily decreased, reaching around 
zero at approximately 65 hours (Figure 7.24). The down shift in specific 
growth rate observed early in the culture was presumably a response to the 
nitrogen limited conditions brought about by exhaustion of nitrate from the 
culture medium (Figure 7.22). 
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Figure 7.24: The Effect of Nitrogen Limited Conditions on the Estimated Specific 
Growth Rate of A. orientalis Grown Under Oxygen Sufficient Conditions. 
Vancomycin biosynthesis was observed in the culture, consistent with 
previous findings that nitrogen limitation was able to stimulate secondary 
metabolite biosynthesis in korientalis (Figure 7.25). Vancomycin 
production was observed to commence at around 20 hours, presumably as 
a consequence of the nitrogen limited conditions brought about by the 
medium and the subsequent exhaustion of nitrate from the medium (Figure 
7.22). Vancomycin concentration was seen to accumulate as biomass 
concentration increased, reaching a maximum concentration of 23mgl-', an 
increase in antibiotic concentration is observed at around 70 hours (Figure 
7.25), though this is presumably the release of lytic products which gave an 
increased titre via bioassay or the release of intracellular vancomycin. 
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Figure 7.25: Production of Vancomycin by A. ofientalis Grown in Nitrogen 
Limited Medium Under Oxygen Sufficient Conditions. 
The protein synthesis rate (PSR) profile of the culture demonstrated an 
extended period of increasing protein PSR (Figure 7.26), which lasted until 
around 25 hours. After 25 hours there was a sharp decrease in PSR, 
presumably brought about as a result of the nitrogen limited conditions. 
This fall however did not result in non-detectable levels of protein 
synthesis, which occurred at a reduced rate from 40 hours to 70 hours, 
whereupon PSR became non-detectable. 
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Figure 7.26: The Effect of Nitrogen Limitation on the Protein Synthesis Rate of 
A. orientalis Grown in 
Oxygen Sufficient Conditions. 
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The fall in PSR (Figure 7.26) can be seen to coincide with the exhaustion 
of nitrate from the culture medium (Figure 7.22), the fall in specific growth 
rate (Figure 7.25) and the commencement of vancomycin biosynthesis 
(Figure 7.26). Wilson and Bushell (1995) demonstrated that protein 
synthesis rate of the organism was shown to reach a maximum level during 
the early exponential phase of growth, as was observed here. They also 
reported that secondary metabolite production followed a sustained period 
of down regulation of protein synthesis rate, the onset of production being 
associated with protein synthesis reaching a non-detectable level. This 
culture (Figure 7.26) did display a sustained period of down regulation of 
protein synthesis rate, however, the decrease in protein synthesis did not 
reach non-detectable levels throughout the culture. A similar observation 
was made with the oxygen sufficient carbon limited culture (Section 
7.4.1.3), where onset of vancomycin. production was associated with the 
down regulation rather than cessation of protein synthesis (Figure 7.14), it 
may be speculated that the change in protein synthesis rate observed here, 
is sufficient to significantly alter the ratio of charged to uncharged t-RNA 
species and hence the regulatory cascade proposed by Wilson and Bushell 
(1995) is initiated. It appears that in oxygen sufficient conditions PSR may 
be a good measure of an organism's physiological state, and an indicator of 
an organism's intent to produce secondary metabolites. The down 
regulation in PSR noted under oxygen limited conditions may also 
demonstrate the organism's intent to biosynthesise vancomycin, however 
some other nutritional or physiological shortcoming may prevent this event 
occurring. 
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7.4.1.6 Phosphate-Limited and Oxygen Limitation 
The phosphate-limited culture of A. orientalis grown at 0.18 Imin-1, 
generated a minimum DOT of only 40%, considerably higher than the 
levels found in the oxygen-, carbon- and nitrogen-limited cultures. In order 
to increase the validity of cross media comparisons the air flow rate was 
further reduced to 0.10 Imin-1, in an attempt to generate a lower DOT in 
the culture. The culture of korientalis in phosphate limited medium under 
conditions of reduced aeration, produced a maximum biomass 
concentration of 0.6gl-', producing a minimum DOT of 15% (Figure 7.27). 
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Figure 7.27: Changes in DOT During Growth of A. orientalis in Phosphate 
Limited Medium Under Conditions of Oxygen Limitation. 
Maximum biomass concentration was seen to coincide with minimum DOT 
of the culture, at around 50 hours. Biomass concentration did not markedly 
change during the oxygen limited phase of the culture, between 30 to 70 
hours, after which biomass concentration began to fall with a subsequent 
increase in DOT (Figure 7-27). With the exception of phosphate (Figure 
7.28) and oxygen, all nutrients remained in excess throughout the culture, 
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with glucose exhaustion not being attained. It can therefore be assumed 
that the cell lysis that began to occur after approximately 70 hours was a 
result of prolonged exposure to either phosphate or oxygen limitation, or a 
combination of the two. Phosphate was exhausted from the medium by 
approximately 70 hours (Figure 7.28). 
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Figure 7.28: Utilisation of Phosphate by A. orientalis Grown in Phosphate 
Limited Medium Under Oxygen Limited Conditions. 
The combination of oxygen and phosphate limitation also had a dramatic 
effect upon the specific growth rate of korientalis, with the maximum 
estimated specific growth rate of the culture, 0.27h-1, being reached at 
about 20 hours (Figure 7.29). Following this peak in maximum specific 
growth rate there was a large down regulation to O. Olh-1, which was 
maintained until around 65 hours, when a 
concentration began to occur. 
decrease in biomass 
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Figure 7.29: The Effect of Phosphate Limited Conditions on the Estimated 
Specific Growth Rate of korientalis Grown Under Oxygen Limited Conditions. 
Maximum OUR of the culture, was observed at the point of maximum 
biomass concentration, at around 50 hours, with a peak value of 
0.0145mmoM. OUR of the culture remained quite steady throughout the 
oxygen limited phase of the culture, but dropped dramatically as biomass 
concentration and presumably cellular activity dropped (Figure 7.30). 
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Figure 7.30: Changes in OUR During Growth of A. ofientalis in Phosphate 
Limited Medium Under Oxygen Limited Conditions. 
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Vancomycin was not produced throughout the culture, presumably as a 
consequence of the eclipsing effect of oxygen limitation which prevented 
the stimulatory effect of phosphate limitation to exert its effect upon the 
biosynthetic system. The protein synthesis rate (PSR) profile for the culture 
(Figure 7.3 1) was very similar to that observed under previous oxygen 
limited conditions in sections 7.4.1.1,7.4.1.2, and 7.4.1.4. 
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Figure 7.31: The Effect of Phosphate Limitation on the Protein Synthesis Rate of 
A. ofientalis Grown Under Oxygen Limited Conditions. 
The PSR of korientalis fell rapidly, as the DOT of the culture decreased, 
reaching an almost non-detectable level at around 50 hours. This level was 
maintained throughout the culture (Figure 7.31). Wilson and Bushell 
(1995) observed that secondary metabolite production was detected 
following a continued period of down regulation of protein synthesis rate, a 
situation that was not observed in this culture, the period of down 
regulation being very brief and very rapid (Figure 7.31). It was discussed 
in the nitrogen and oxygen limited culture (Section 7.4.1.4), that the 
maximum protein synthetic rate of the culture was considerably lower than 
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that of the carbon and oxygen limited culture, and therefore the protein 
synthesis down regulation observed by the nitrogen and oxygen limited 
culture was less severe. The maximum protein synthetic rate of the 
phosphate and oxygen limited culture was approximately in the middle of 
these two former cultures, and was approximately 6x 10-7 mmol leu/min/ 
gram of biomass, hence the down regulation is significantly greater than 
that observed in the oxygen sufficient culture and the nitrogen and oxygen 
limited culture. Kwast and Hand (1996) observed that the mitochondrial 
protein synthesis rate of the brine shrimp Artemiafranciscana was reduced 
by 79% under anoxic conditions, confirmation that oxygen limitation can 
exert a significant and dramatic effect on protein synthesis rate. In the 
nitrogen and oxygen dual limited culture of Aorientalis, the shape of the 
PSR profile was very similar, however, when the DOT of the phosphate 
limited culture began to rise there was no re-commencement of 
vancomycin biosynthesis, as was observed with the nitrogen limited 
culture. It would appear that the combination of both phosphate and 
oxygen limitation had a more severe and marked effect upon the secondary 
metabolite biosynthetic capacity of A. orientalis than the combination of 
nitrogen and oxygen limitation. 
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1, p. . 7.4.1.7 Phosphate Limited and Oxygen Suniciepsy 
Culture of korientalis in P-ltd medium under oxygen sufficient conditions 
produced a maximum biomass concentration of around 5.5gl-' (Figure 
7.32), approximately 900% that produced under the oxygen limited 
conditions previously described. 
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Figure 7.32: Changes in DOT During Growth of A. ofientalis in Phosphate 
Limited Medium Under Oxygen Sufficient Conditions. 
DOT of the culture did not drop below 80% and hence it can be assumed 
that oxygen was not a limiting nutrient, minimum DOT of the culture was 
observed to coincide with the maximum biomass concentration. 
Phosphate was exhausted from the medium by approximately 40 hours 
(Figure 7.33), apart from glucose which became exhausted at about 75 
hours, all other nutrients were in excess throughout the culture. Glucose 
exhaustion from the growth medium coincided with cell lysis, indicative 
that korientalis did not produce intracellular storage compounds during 
the culture. 
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Figure 7.33: Utilisation of Phosphate by A. ofientalis Grown in Phosphate 
Limited Medium Under Oxygen Sufficient Conditions. 
The cryptic growth previously mentioned, i. e., growth without any 
detectable source of phosphate, was also observed in this culture. As 
discussed previously this phenomenon suggests that korientalis is capable 
of effectively recycling intracellular molecules in order to generate 
utilisable phosphorous. 
Maximum oxygen uptake rate of the culture was seen to occur at the point 
of maximum biomass concentration, at approximately 70 hours (Figure 
7.34). OUR increased in a similar manner to biomass concentration, with 
OUR dropping following lysis of the culture. 
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Figure 7.34: Changes in OUR During Growth of A. ofientalis in Phosphate 
Limited Medium Under Oxygen Sufficient Conditions. 
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Figure 7.35: The Effect of Phosphate Limited Conditions on the Estimated 
Specific Growth Rate of A. orientalis Grown Under Oxygen Sufficient Conditions. 
Maximum estimated specific growth rate of the culture, around 0.17h-1, 
occurred at approximately 15 hours, after which it was observed to steadily 
fall, eventually reaching around zero, at 70 hours (Figure 7.35). The drop 
in growth rate of korientalis is presumably a response to the phosphate 
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limited conditions brought about by the exhaustion of phosphate from the 
culture medium (Figure 7.33). 
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Figure 7.36: Production of Vancomycin by A. orientalis Grown in Phosphate 
Limited Medium Under Oxygen Sufficient Conditions. 
Vancomycin biosynthesis was observed in the culture, consistent with 
previous findings that phosphate limitation was able to stimulate secondary 
metabolite production in korientalis (Figure 7.36). Vancomycin 
biosynthesis was observed to commence at around 30 hours, presumably 
as phosphate became limiting in the growth medium. Vancomycin 
concentration was seen to increase throughout the culture, reaching a 
maximum concentration of around 170mgl-'. The increase in titre observed 
after around 70 hours was maybe the result of the release of intracellularlly 
formed vancomycin or the release of other cytotoxic lytic products. 
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Figure 7.37: The Effect of Phosphate Limitation on the Protein Synthesis Rate of 
A. orientalis Grown Under Oxygen Sufficient Conditions. 
The protein synthesis rate (PSR) profile of the culture demonstrated a 
period of increasing PSR until approximately 40 hours (Figure 7.37). After 
40 hours there was a sharp drop in PSR, which coincided with the 
exhaustion of phosphate from the medium and the onset of vancomycin 
biosynthesis. Protein synthesis carried on at a decreasing rate for an 
additional 40 hours of culture, becoming non-detectable at around 80 
hours, when glucose became exhausted from the medium and lysis began. 
Wilson and Bushell (1995) observed that the production of bialaphos and 
erythromycin by Streptomyces hygroscopicus and Saccharopolyspora 
erythraea respectively, was associated with the protein synthesis rate of 
the culture reaching a non-detectable level. Such a scenario was not 
observed in this culture, with vancomycin biosynthesis being associated 
with a decrease in protein synthesis rate rather than it actually reaching a 
non-detectable level, similar observations were made with regard 
vancomycin biosynthesis under oxygen sufficient culture in carbon limited 
(Section 7.4.1.3) and nitrogen limited media (Section 7.4.1.5). It appears 
that in oxygen sufficient conditions, PSR profiles may provide a useful 
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measure of an organism's physiological state or 'fitness', and hence may 
serve as an indicator of an organism's intent to synthesise secondary 
metabolites. The down regulation in PSR noted under oxygen limited 
conditions may also demonstrate the organism's intent to biosynthesise 
vancomycin, however some other nutritional or physiological shortcoming 
may prevent this occurring. Lack of production of vancomycin by 
A. orientalis under oxygen limited conditions may be for a number of 
reasons, including, reduced pools of available precursors or intermediates 
to feed the vancomycin biosynthetic pathway, or alternatively the 
vancomycin biosynthetic pathway may have a high requirement for oxygen 
and subsequently cannot operate under such oxygen limited conditions. 
Despite these rather specific effects upon vancomycin biosynthesis itself, 
there is the rather more broad effect that oxygen limitation may 
dramatically affect the adenyalte pool of A. orientalis which may make 
pathway functioning and the supply of precursors limiting or not possible. 
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7.5 Conclusions and Discussions 
The findings of these experiments have important implications with respect 
to screening. The oxygen demands of a culture are not merely a function 
of biomass and aeration but also of medium composition. In these 
experiments, with the exception of the phosphate and oxygen limitation 
dual-limited run, all factors except medium composition remained constant 
i. e. air flow rate, inoculum size, stirrer speed and vessel design. 
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Figure 7.38: A Comparison of the Specific Oxygen Uptake Rates of A. orientalis 
Grown in Various Media Under Oxygen Limited Conditions. 
Comparison of the specific oxygen uptake rates i. e. oxygen uptake rate per 
unit biomass, of the three oxygen limited runs carried out at 0.181min-1, 
shows that the oxygen demand of a culture may vary greatly (0.005-0-015 
mmol/g/h) with varying culture medium (Figure 7.38). In metabolite 
screens where specific nutrient limitations are employed in order to 
stimulate antibiotic production, it is often assumed that differences between 
different designs or scale of culture vessels is negligible, particularly with 
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respect to aeration, with oxygen-limitation receiving very limited attention. 
These findings show that these attempts to maintain constant conditions 
may be undermined by the fact that growth in different nutrient-limitations 
requires varying amounts of oxygen and hence the potential for oxygen- 
limitation to occur also varies with nutrient limitation. 
These experiments have also highlighted the enormous impact that oxygen 
limitation can have upon the maximum biomass concentration that can be 
achieved in the same medium. This is highlighted most markedly in the 
case of phosphate limitation where the oxygen limited culture reached a 
maximum biomass concentration of 0.6gl-1, compared with 5.5gl-1 under 
oxygen sufficient condition, an approximate 900% increase. 
A key facet of the experiments carried out in this chapter was to investigate 
the effect of oxygen and other nutrient limitations upon the protein 
synthesis rate of korientalis and the subsequent impact upon vancomycin 
biosynthesis. Wilson and Bushell (1995) had demonstrated that the 
production of erythromycin and bialaphos by Saccharopolyspora 
erythraea and Streptomyces hygroscopicus respectively, was associated 
with the protein synthesis rate of the culture reaching a non-detectable 
level. The four oxygen limited cultures described in this chapter, all 
displayed protein synthesis rate profiles that demonstrated a dramatic down 
regulation resulting in non-detectable levels of protein synthesis. However, 
only the nitrogen and oxygen limited culture showed any vancomycin 
production, this being halted during the most severely oxygen limited phase 
of the culture. The three oxygen sufficient cultures, however, all displayed 
the ability to produce vancomycin. These cultures did not display protein 
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synthesis rate profiles that resulted in non-detectable levels, however, the 
onset of vancomycin biosynthesis was associated with a down regulation in 
protein synthesis rate. In addition to the shapes of the PSR profiles there 
were interesting differences in the actual magnitude of the protein synthetic 
values (Figure 7.39) 
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Conditions 
Maximum Protein Synthesis Rate 
(mmol leucine/min/gram biomass) 
02-ltd 3.4 x 10-7 
C-Itd +02-ltd 6.0 x 10-7 
C-Itd +02-sufficient 0.9 X 10-7 
N-Itd +02-ltd 2.0 x 10-7 
N-ltd +02-sufficient 1.4 x 10-7 
P-Itd +02-ltd 9.0 X 10-7 
P-Itd +02-sufficient 1.4 x 10-7 
Figure 7.39: A Comparison of the Maximum Protein Synthesis Rates of 
A. ofientalis Grown in Various Media Under Oxygen Limited and Oxygen 
Sufflcient Conditions. 
Figure 7.39 demonstrates that the oxygen limited cultures appeared to 
display consistently higher maximum values of protein synthesis rate than 
their oxygen sufficient counterparts. Nowhere is this more apparent than 
the case of the two phosphate limited cultures, where the maximum protein 
synthesis rate of the oxygen limited culture is over 600% that observed in 
the oxygen sufficient culture. It is noteworthy that this most startling 
difference also occurs in the culture, where flow rate was even more 
greatly reduced than in the other oxygen limited culture, flow rate being 
reduced to 1.0 Imin-1 from a previous 1.8 Imin-1 employed in the other 
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oxygen limited cultures. The exact reason for this difference between the 
maximum protein synthesis rates, however, is uncertain. Kwast and Hand 
(1996) demonstrated that oxygen limitation and pH both had significant 
effects upon the mitochondrial protein synthesis rate of the brine shrimp 
Artemiafranciscana. It was demonstrated that intracellular pH shifts could 
have a significant effect upon mitochondrial protein synthesis rate, and this 
may in part explain the apparent differences between the oxygen limited 
and oxygen sufficient cultures (Figure 7.39). Although intracellular pH data 
is not available for the cultures, another way in which pH could indirectly 
affect the rate of protein synthesis is by altering the transport of amino 
acids in to the cell (Kwast & Hand, 1996), this phenomenon could have 
been investigated using an alternative amino acid to determine protein 
synthesis rates, such as histidine, that employs an alternative transport 
system (Halling et al., 1973). Kwast and Hand (1996), however, 
demonstrated that using alternative radiolabelled amino acids did not 
greatly affect the measured protein synthesis rates and concluded that if 
intracellular pH differences were affecting amino acid transport then the 
effect was spanning multiple transporters to a similar degree. 
An alternative hypothesis to the organism being affected by the anoxic 
conditions is that it is causing the organism to effect the biosynthesis of 
alternative cellular components in an attempt to adapt to the oxygen limited 
conditions. The organism is essentially moving from the oxygen rich 
environment of the inoculum stage to the relatively oxygen poor 
environment of the bioreactor vessel. It is also important to note that the 
high protein synthesis rates observed (Figure 7.39), all occur very early in 
the culture, predominantly, immediately following inoculation. Oxygen 
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limitation has been shown to affect gene expression at both the 
translational and transcriptional levels in some organisms. In 
Saccharomyces cerevisiae synthesis of sub-units of cytochrome c oxidase 
are suppressed in response to oxygen deprivation both in vitro (Woodrow 
& Schatz, 1979) and in vivo (Zitorner & Lowry, 1992). The necessity to 
invest in alternative intracellular components would inevitably lead to an 
increase in protein synthesis rate,, which may in part explain the increased 
maximum protein synthesis rates associated with the oxygen limited 
cultures. Other intracellular factors, however, would appear to make 
completion of this task not possible, since the organism does not appear to 
fully adapt to the oxygen limited conditions, at least in its ability to 
synthesise vancomycin under oxygen limited conditions. Bailey and 
Driedzic (1995) in their studies on the cardiac tissue of turtles, Pseudemys 
scripta elegans, postulated that it is not the lack of oxygen per se that 
causes a decrease in the rate of protein turnover but more likely the non- 
availability of energy supplies which are secondary to anoxia. If this is the 
case in Amycolatopsis orientalis then the biosynthesis and investment in 
alternative intracellular components, in an attempt to adapt to the oxygen 
poor environment, may have been brought short by limited cellular energy, 
perhaps by limited available ATP. It is however impossible, with the data 
available, to more than speculate over the reason for the apparent 
differences in maximum protein synthesis rate observed between the 
oxygen limited and oxygen sufficient cultures. 
Of prime concern to metabolite screening is the confirmation that oxygen 
limitation is able to eclipse the effects of other nutrient limitations and 
therefore could potentially undermine the effectiveness of a multi medium 
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based screening regime if it were inadvertently present as an unintentional 
nutrient limitation. It is therefore of great importance that the oxygen status 
of screen cultures is known or at least monitored in test organisms to 
ensure that the vessel design and culture media employed are capable of 
satisfying the oxygen requirements of the cultured organisms. This is 
particularly important in the very rich complex media routinely employed 
in high throughput screening strategies, which generate high biomass 
concentrations and contain rapidly utilised nutrient sources. 
In the case of korientalis it is clear that oxygen limitation has a 
detrimental effect upon the ability of the organism to both grow and 
produce secondary metabolites. Extrapolation of these findings make it 
obvious that similar scenarios may be encountered with other organisms, 
and hence the effect may be generic in nature. Several suggestions have 
already been made that there is 'intent' from the organism to produce 
vancomycin, by virtue of the protein synthesis rate down regulation 
observed in all cultures. If this is a true marker for the onset of secondary 
metabolism then it would appear that some other factor is preventing the 
organism from completing the biosynthesis of vancomycin. There are 
therefore two possible hypotheses, firstly that the organism is incapable of 
investing in secondary metabolite biosynthesis due to it being energetically 
unfavourable, Le the adenylate pool is depleted and hence energy cannot 
be diverted into the vancomycin pathway and away from maintenance of 
cellular integrity. The second hypothesis is that the organism is actually 
attempting to produce vancomycin, but the oxygen limited conditions 
prevent completion of the biosynthesis of the compound and hence 
bioactivity is not observed. These questions will attempt to be answered in 
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the next chapter which deals with some of the physiological effects of 
oxygen limitation on A. orientalis. 
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8.1 Objective 
To investigate the effects of oxygen limitation on the adenylate pool of 
Amycolatopsis orientalis, and to monitor changes in adenylate energy charge 
and the effect on secondary metabolite biosynthesis. 
8.2 Summary 
Using the defined C-ltd medium A. orientalis was cultured under both oxygen 
limited, and oxygen sufficient conditions. Vancomycin production under 
carbon limited oxygen sufficient conditions was observed as was the lack of 
vancomycin biosynthesis under conditions of oxygen limitation. It was found 
that ATP levels were significantly higher in the oxygen sufficient cultures 
compared to those of the oxygen limited cultures, accompanied by significant 
changes in the ATP concentration throughout growth. Conversely in the 
oxygen limited cultures ATP concentration remained relatively stable 
throughout the growth of korientalis. The impact on adenylate energy charge 
(AEC) was that the oxygen sufficient culture generated a much higher 
maximum AEC value of approximately 0.75, whilst the oxygen limited culture 
only reached a maximum value of 0.4. This suggests that oxygen limitation 
does have a significant effect upon the adenylate pool and hence adenylate 
energy charge of korientalis. One would speculate that this might have an 
effect upon the ability of an organism to invest in the biosynthesis of 
secondary metabolic products. 
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8.3 Experimental Outline 
Batch culture of korientalis was carried out in an LH2000 series bioreactor, 
using a defined C-Itd medium. To create oxygen limited conditions a low 
aeration rate of 0.18 lmin-1 (0.05v/v/m) was used, this flow rate having been 
employed in previous experiments. Cultures were stirred at 500rpm. In the 
oxygen sufficient culture, the aeration rate was increased to 7.00 hnin-1 
(2v/v/m), stirrer speed was maintained at 500rpm to prevent culture variation 
as a result of shear forces introduced by variable impeller speed. Samples 
were taken at 6-12 hour intervals and biomass, vancomycin and glucose 
concentrations determined. In addition the concentrations of the various 
components of the adenylate pool; adenosine monophosphate (AMP), 
adenosine diphosphate (ADP) and adenosine triphosphate (ATP), were 
monitored using a firefly luciferase bioluminescence kit, that allows 
quantification of concentration of these three nucleotide species. 
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8.4 Results and Discussion 
8.4.1 Sample Preparation 
Sample extracts for AEC analysis were prepared as described in Chapter Two 
(Materials and Methods), sample analysis and preparation protocol are also 
described in this section. 
8.4.2 Culture Profiles 
Dissolved nutrient limitations were achieved in both oxygen limited and 
sufficient cultures, providing dual limited conditions for part of the duration of 
the cultures. 
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The oxygen status of the culture is capable of having a significant impact upon 
the culture biomass concentration (Chapter 7). In this experiment, the oxygen 
sufficient culture reached a maximum biomass concentration of approximately 
4.5gl-1, over 300% of that of the oxygen limited culture which produced a 
maximum biomass concentration of less than 1.5gl-1 (Figure 8.1). The 
dissolved oxygen tension of the oxygen sufficient culture did not fall below 
75% of saturation, with minimum DOT coinciding with maximum biomass 
concentration. The dissolved oxygen tension of the oxygen limited culture 
however, fell below 10% of saturation, with this minimum occurring at 
approximately 30 hours, and lasting until approximately 60 hours. 
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Figure 8.2: Utilisation of Glucose by A. orientalis Grown in Carbon Limited Medium 
Under Oxygen Sufficient and Oxygen Limited Conditions. 
Glucose became exhausted from the oxygen sufficient culture after 
approximately 55 hours, however, glucose did not become totally exhausted 
from the medium of the oxygen limited culture (Figure 8.2). Biomass 
concentration of the oxygen sufficient culture began to decrease at the time 
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glucose became totally exhausted from the culture (Figure 8.1), as a result of 
cellular lysis, from this it can be assumed that no intracellular storage 
compounds were formed during culture. It is clearly demonstrated that 
korientalis displays a much greater glucose utilisation rate during growth in 
oxygen sufficient conditions than in oxygen limited conditions (Figure 8.2), 
with this being reflected in the rate of accretion and maximum biomass 
concentration attained of the culture (Figure 8.1). 
As has previously been discussed, the oxygen status of culture of korientalis 
has an impact upon the biosynthesis of vancomycin. In the oxygen limited 
culture no vancomycin was detected throughout, however, in the oxygen 
sufficient culture, vancomycin was detected after approximately 25 hours 
(Figure 8.3). Vancomycin reached a maximum concentration of around 
20mgl-1. 
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Figure 8.3: Production of Vancomycin and the Utilisation of Glucose by A. orientalis 
Grown in Carbon Limited Medium Under Oxygen Sufficient Conditions. 
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Figure 8.3 shows that the initiation of vancomycin biosynthesis occurs at 
approximately the same time as the rapid utilisation and hence depletion of 
glucose from the culture medium. Glucose became totally exhausted from the 
medium at around 55 hours (Figure 8.3), which coincided with culture lysis, 
presumably the peak in bioactivity observed at the end of culture is as a result 
of the release of intracellularly formed vancomycin and other bioactive or 
cyto-toxic lytic products. 
255 
8.4.3 Adenylate Pool Profiles 
The cultures above were sampled throughout the growth and production cycle 
to monitor changes and fluctuations in their adenosine nucleotide pools, i. e. 
AMP, ADP and ATP. 
8.4.3.1 Measurement of Adenosine Monophosphate (AMP) 
The shape of the AMP profile for both cultures were very similar, with culture 
AMP concentration being down regulated from the beginning of the culture, 
reaching a base level at around 30 hours (Figure 8.4). This base level was 
maintained throughout the culture. 
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Figure 8.4: Changes in Intracellular AMP Concentration During Growth of 
A. orientalis in Carbon Limited Medium Under Oxygen Sufficient and Oxygen 
Limited Conditions. 
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The obvious difference between the two cultures, however, is the actual 
intracellular concentrations of AMP, with the oxygen limited culture of 
A. orientalis containing significantly more in the early stages of growth. 
However, the marked differences observed in the early stages of the 
fermentation are, following the down regulation of AMP concentration in both 
cultures, no longer apparent. 
The commencement of vancomycin biosynthesis in the oxygen sufficient 
culture is seen to occur at approximately the same time as this down 
regulation of AMP concentration (Figure 8.3). However it must be 
remembered that although a down regulation does occur, it is very small in 
comparison to that experienced by the oxygen limited culture, which does not 
synthesise vancomycin. 
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8.4.3.2 Measurement of Adenosine Dii)host)hate (ADM 
Concentration of ADP was monitored throughout the culture under both 
oxygen limited and oxygen sufficient conditions (Figure 8-5). 
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Figure 8.5: Changes in Intracellular ADP Concentration During Growth of 
A. orientalis in Carbon Limited Medium Under Oxygen Sufficient and Oxygen 
Limited Conditions. 
ADP concentration of the oxygen sufficient vessel was seen to increase from 
inoculation until approximately 18 hours, after which it dropped to a base 
level of approximately 200gmoles of ADP per gram of biomass at around 40 
hours (Figure 8.5). This coincided with maximum biomass concentration of 
the culture being reached, and could therefore potentially be a marker of the 
culture's entry into stationary phase (Figure 8.1). This level was maintained 
throughout the rest of the culture. 
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The oxygen limited culture, however, displayed a very different ADP profile 
(Figure 8.5). The culture demonstrated a slightly decreasing ADP 
concentration until around 30 hours, after which it gradually rose to a 
maximum concentration of approximately 600gmoles of ADP Per gram of 
biomass at around 60 hours. This did not coincide with the maximum biomass 
concentration of the oxygen limited culture (Figure 8.1). Clark (1993) found a 
similar ADP profile during growth of A. orientalis under oxygen limited 
conditions, with an initial drop in ADP concentration being followed by a 
sustained and steady increase in ADP throughout the culture. A reduction in 
intracellular ADP concentration as well as that of ATP have been implicated 
in the literature as possible effectors of secondary metabolism, with these 
nucleotides often being studied in the effects of phosphate limitation upon 
antibiotic biosynthesis. Reduction in the ADP pool having an effect upon 
biosynthesis has been observed in candicidin-producing Streptomyces griseus 
(Liras et al., 1979), tylosin-producing Streptomyces fradiae (Vu-Trong et al., 
1980) and levorin-producing Streptomyces levoris (Zyuzina et al., 1981). A 
similar observation is made here, in the case of A. orientalis, whereby the 
oxygen sufficient culture undergoes a significant decrease in the adenylate 
diphosphate pool, with subsequent biosynthesis of vancomycin. Vancomycin 
biosynthesis commences at approximately 20 hours (Figure 8.3), at 
approximately the same time as the decrease in ADP concentration is 
observed (Figure 8.5). However, in the oxygen limited culture, no such down 
shift in ADP concentration was observed and vancomycin production was not 
detected. 
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8.4.3.3 Measurement of Adenosine Tr TP) 
The concentration of culture ATP was monitored throughout the culture under 
both oxygen limited and oxygen sufficient conditions (Figure 8.6). 
450 
T 300 
400 
350 
3 250 
200 
150 
0 
100 
50 
0 20 40 60 80 100 
Tkne (hm) 
Sufficient --cl-- Lkn ited 
Figure 8.6: Changes in Intracellular ATP Concentration During Growth of 
korientalis in Carbon Limited Medium Under Oxygen Sufficient and Oxygen W Limited Conditions. 
Significant differences were observed between the ATP concentration profiles 
of the oxygen limited and oxygen sufficient cultures (Figure 8.6). The ATP 
concentration of the oxygen sufficient culture increased from inoculation to 
approximately 20 hours, reaching a maximum concentration of 400ýLmoles of 
ATP per gram of biomass. Following this peak in ATP content, there was a 
dramatic decrease in concentration, reaching a base level of around 2.0ýtmoles 
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of ATP per gram of biomass, at around 50 hours (Figure 8.6). This level was 
maintained throughout the rest of the culture. The oxygen limited culture, 
however, maintained a relatively stable ATP concentration during growth, 
varying only between around 150 and 35Rmoles of ATP per gram of biomass 
(Figure 8.6). Yang and Wang (1996) showed that the production of 
oxytetracycline by Streptomyces rimosus was inhibited by low intracellular 
ATP concentrations throughout growth. Similar findings were also made with 
Aspergillus nidulans (Moore, 1993; Moore & Bushell, 1997), where pelleted 
growth resulted in mass transfer problems, including presumably oxygen 
limitation, which resulted in a consistently low intracellular ATP 
concentration throughout culture. 
As mentioned previously a reduction in ATP concentration has been 
implicated in the literature as a possible effector of secondary metabolism, 
with ATP concentration often being studied in the effects of phosphate 
limitation upon antibiotic biosynthesis. Reduction in the ATP pool having an 
effect upon biosynthesis has been observed in candicidin-producing 
Streptomyces griseus (Liras et al., 1979), tylosin-producing Streptomyces 
fradiae (Vu-Trong et al., 1980), levorin-producing Streptomyces levoris 
(Zyuzina et al., 1981) and chlortetracycline-producing Streptomyces 
aureofaciens (Janglova et al., 1969). In this latter study, elevated levels of 
ATP were found in the low producing wild type strain while the high 
producing production strain was associated with significantly lower levels of 
intracellular ATP (Janglova et al., 1969). Martin and Demain (1976) 
demonstrated that the addition of exogenous phosphate to candicidin- 
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producing cells of Streptomyces griseus led to a 2-3 fold increase in the 
intracellular ATP concentration, after approximately 5 minutes, followed 10 
minutes later by a decrease in the rate of candicidin production. It can be 
speculated that ATP may inhibit antibiotic biosynthesis in a mechanism 
similar to that of the lac operon of Escherichia coli (Jacob & Monod, 1961) : 
ATP may bind to a repressor protein which in turn binds to a regulatory gene 
or promoter site for one or more of the enzymes involved in secondary 
metabolite biosynthesis. Inhibition of pre-formed antibiotic synthetic enzymes 
could occur by direct reversible binding of ATP. Atkinson and Walton (1967) 
have provided evidence that ATP binding is a regulatory mechanism for some 
enzymes of primary metabolism. Any hypothesis must therefore assume that 
ATP concentrations in early growth stages can affect secondary metabolite 
production for the remaining culture time (Janglova et al., 1969), an 
assumption which is supported by observations that growth conditions in early 
stages can affect later antibiotic production phases (Mateju et al., 1986). 
The down regulation in ATP concentration of the oxygen sufficient culture, 
occurred at approximately 20 hours (Figure 8.6), which coincides with the 
increase in vancomycin biosynthesis (Figure 8.3), and also coincides with the 
decrease in ADP concentration (Figure 8.5). It is therefore possible that either 
or both of these nucleotides may in some way be involved in the initiation of 
vancomycin biosynthesis. Alternatively these parameters may merely be 
affected, either directly or indirectly by yet another parameter or effector, that 
may actually be responsible for the initiation of secondary metabolism in 
korientalis. To this end ADP and ATP concentration may act as useful 
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markers for monitoring the status of this unidentified 6switch'. No down 
regulation of ATP concentration was observed in the non-producing oxygen 
limited culture (Figure 8.6). 
8.4.3.4 Measurement of Adenylate Energy Charge (AEC) 
Adenylate Energy Charge (AEC) is a measure of the metabolic energy stored 
in the adenine nucleotide pool, this is calculated as the mole fraction of ATP 
plus half the mole fraction of ADP (Atkinson & Walton, 1967); 
AEC = 
ATP + 0.5ADP 
ATP + ADP + AMP 
Adenylate Energy Charge (AEC) was calculated using the concentrations of 
AMP, ADP and ATP measured throughout the culture under both oxygen 
limited and oxygen sufficient conditions (Figure 8.7). 
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Figure 8.7: Changes in AEC During Growth of A. orientalis in Carbon Limited 
Medium Under Oxygen Sufficient and Oxygen Limited Conditions. 
The traces obtained from the two cultures were significantly different (Figure 
8.7). The AEC of the oxygen sufficient culture rose from approximately 0.3 at 
inoculation to a maximum of around 0.7 at around 30 hours (Figure 8.7), this 
figure then decreased steadily throughout the rest of the culture. The AEC of 
the oxygen limited culture however was considerably lower, approximately 
0.10 at inoculation, and reached a maximum of approximately 0.4 at around 
40 hours, this approximate level was maintained throughout growth of the 
culture (Figure 8.7). Martin (1977) suggested that AEC may act as an effector 
of antibiotic biosynthesis rather than ATP or ADP, however, by its very 
nature, the derived value of AEC will only change significantly if there are 
large changes in the total adenylate pool of an organism. Antibiotic production 
has been linked with changes in the concentration of specific adenylate 
species, however although significant changes may occur, this may not have a 
significant impact upon the AEC value of that organism (Hostalek et al., 
1974; Curdova et al., 1976; Martin et al., 1978; Vu-Trong et al., 1981; 
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Dietzler et al., 1974). In this experiment large changes in the both ATP and 
ADP were observed throughout growth, particularly of the oxygen sufficient 
culture. This resulted, in the case of the oxygen sufficient culture, in a 
significant down regulation of the adenylate energy charge of the organism. In 
addition this down shift occurs at approximately the same time as the 
initiation of secondary metabolite biosynthesis and therefore could be 
tentatively linked with its initiation. However, both ADP and ATP down 
regulation also fit this criteria. Therefore it is possible to postulate that any of 
these measured or derived parameters may be working singly or in unison to 
initiate the biosynthesis of secondary metabolites. Moore and Bushell (1997), 
found that consistently low AEC values throughout culture, were inhibitory 
for the production of penicillin by Aspergillus nidulans, and that at AEC 
values below 0.5, no penicillin was detected. The work of Moore and Bushell 
(1997) employed varying aeration and agitation rates to produce alternative 
morphologies of A. nidulans, ranging from large pellets through micro-pellets 
to dispersed mycelia. It was found that the large pelleted cultures displayed 
the lowest maximum AEC values (0.25) and that dispersed mycelia displayed 
the highest maximum AEC value (0.90). The cultures ability to synthesise 
penicillin also followed a similar trend with the pelleted form producing no 
antibiotic and the filamentous form producing a maximum titre of 4.1mgl-1. 
Intermediate AEC and productivity values were obtained in the micro-pelleted 
culture. The decreased AEC values exhibited by the pelleted cultures was 
presumably a result of mass transfer problems which resulted in an oxygen 
gradient existing along the radius of the pellet which resulted in oxygen 
limitation within a proportion of the interior of the pellet. Similar trends are 
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found in Figure 8.7, whereby a consistently low AEC, in the oxygen limited 
culture, results in failure to produce vancomycin. This low AEC value may 
too, be attributable to oxygen limitation, though in this case this is brought 
about by the use of a low aeration rate as opposed to indirect mass transfer 
problems as a result of morphological variation within the culture. 
8.5 Conclusions and Discussions 
From the experimental data presented here, it is apparent that the entry of a 
culture into a phase of secondary metabolite biosynthesis is accompanied by 
significant changes in the adenylate pool of the producing organism. 
Significant down regulation was observed in the intracellular concentration of 
ADP and ATP of the oxygen sufficient culture, at approximately the same 
time as korientalis began to produce vancomycin. There was also down 
regulation observed, at the same time point, in the derived value of Adenylate 
Energy Charge (AEC). No significant down regulation was observed, of any 
of these parameters, during growth of the non-producing, oxygen limited 
culture. Conversely AMP concentration was drastically decreased in the 
oxygen limited culture, with a much less dramatic drop in AMP concentration 
observed in the oxygen sufficient culture. 
It appears from previous work, and also that presented here, that although no 
definite answer has been provided as to whether any of the adenosine 
nucleotides are responsible for the initiation of secondary metabolism, they 
are definitely affected by the culture's entry into a state of secondary 
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AATI - 
metabolite biosynthesis. As reviewed in section 8.4.3.2, decreases in ADP 
concentration as well as that of ATP have been implicated in the literature as 
possible effectors of secondary metabolism, with these nucleotides often 
being studied in the effects of phosphate limitation upon antibiotic 
biosynthesis. Changes in concentration of the ADP and ATP pool have been 
observed to affect candicidin producing Streptomyces griseus (Liras et al., 
1979), tylosin producing Streptomyces fradiae (Vu-Trong et al., 1980), 
levorin producing Streptomyces levoris (Zyuzina et al., 1981) and 
chlortetracycline producing Streptomyces aureofaciens (Janglova et al., 
1969). These studies however, do not provide firm evidence that these 
molecules are the effectors of biosynthesis, and that they too are not merely 
affected in a manner comparable to that of the actual enzymes involved in the 
secondary metabolic pathway. 
These data havein addition to the significant changes in cellular protein 
synthesis rate, provided further evidence of the physiological stresses 
experienced by A. orientalis during its initiation of secondary metabolism. The 
protein synthesis rate profiles measured previously for oxygen limited and 
oxygen sufficient cultures, showed that both cultures experienced very similar 
patterns of down regulation, that coincided with the initiation of vancomycin 
biosynthesis in the oxygen sufficient culture and the continued absence of 
production in the oxygen limited culture. The adenosine nucleotide pool 
measurements introduce an element of disparity to the physiological profiles 
of the two cultures, with the exception of the gross productivity profiles. The 
AEC measurements give an overview of the cultures, with consistency and 
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minim. variation being observed in the oxygen limited culture and dynamism 
being demonstrated by the oxygen sufficient culture. A similar picture is 
observed with the ATP profiles of the two cultures. Yang and Wang (1996) 
demonstrated that consistently low intracellular ATP concentrations 
throughput growth were inhibitory to secondary metabolite biosynthesis. 
Similar observations were noted regarding AEC, with penicillin biosynthesis 
by Aspergillus nidulans also being inhibited by consistently low AEC values 
(Moore & Bushell, 1997). 
In summary it appears that although not conclusively the effector, the 
adenosine nucleotide pool of korientalis does appear, at least, to be affected 
by the organism's entry into a state of secondary metabolic activity. The 
effects observed under oxygen sufficient conditions are much more dramatic 
than those observed under oxygen limited conditions, and are also more 
dynamic. 
In an effort to understand more fully the effect of oxygen limitation upon the 
vancomycin biosynthetic pathway, work was carried out to monitor the 
antibiotic biosynthetic capacity of oxygen limited and oxygen sufficient 
cultures. The functioning of the vancomycin biosynthetic pathway was 
determined in vivo using chloramphenicol treated cells, whereby a snapshot of 
the enzymic pool of the two cultures and hence their production potential 
could be assessed. This is the subject of the next Chapter. 
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9.1 Objective 
To investigate the effects of oxygen limitation on the vancomycin 
biosynthetic capacity of Amycolatopsis orientalis, and to differentiate 
between lack of biosynthetic enzyme biosynthesis and lack of biosynthetic 
pathway flux, as the reason for the non-synthesis of vancomycin in oxygen 
limited culture. 
9.2 Summary 
Using the defined C-ltd medium A. orientalis was cultured under both 
oxygen limited and oxygen sufficient conditions. Vancomycin production 
under carbon limited oxygen sufficient conditions was confirmed as was 
the repression of vancomycin biosynthesis under conditions of oxygen 
limitation. In vivo monitoring of the antibiotic biosynthetic capacity of the 
two cultures revealed that there was effective operation of the vancomycin 
biosynthetic pathway under both oxygen sufficient and oxygen limited 
conditions. This work suggests that oxygen limitation does have a 
significant effect upon the activity of the vancomycin biosynthetic pathway 
of korientalis and that it does appear to prevent the synthesis of 
vancomycin by effectively disrupting flux through the secondary metabolite 
biosynthetic pathway. 
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9.3 Exnerimental Outline 
Batch culture of Aorientalis was carried out in an LH2000 series 
bioreactor, using the defined C-ltd medium. To create oxygen limited 
conditions a low aeration rate of 0.18 hnin-1 (0.05v/v/m) was used, this 
flow rate having been employed in previous experiments. Cultures were 
stirred at 500rpm. In the oxygen sufficient culture, the aeration rate was 
increased to 7.00 lmin-1 (2v/v/m), stirrer speed was maintained at 500rpm 
to prevent culture variation as a result of hyphal damage introduced by 
variable impeller speeds. Samples were taken at 6-12 hour intervals and 
biomass, vancomycin and glucose concentrations determined. In addition 
the functioning of the vancomycin biosynthetic pathway was deterrnined in 
vivo, using concentrated suspensions of washed cells, employing a 
modification of the method used by Sanchez and Brana (1996). A 25ml 
volume of culture was removed from the bioreactor, to which was added 
50ggml-l chloramphenicol. The culture was vortexed thoroughly for 2 
minutes, this was in order for the chloramphenicol to act and arrest the 
protein synthesis of korientalis. This allowed a 'snap-shot' of the enzymic 
pool of the organism during culture. The cells were then centrifuged at 
3000rprn for 5 minutes and washed and re-suspended 3 times with C-ltd 
medium. Finally the cells were re-suspended in 2ml of fresh C-ltd medium 
and incubated at 400 rpm at 30T. After 8 hours incubation the cells were 
centrifuged at 3000rprn for 10 minutes, and the supernatant collected. The 
2mls of supernatant was then freeze-dried and reconstituted in 20%tl of 
fresh C-Itd medium for subsequent bioassay. 
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9.4 Results and Discussion 
9.4.1 Sample Preparation 
Sample extracts for biosynthetic capacity analysis 
described in Chapter Two (Materials and Methods). 
9.4.2 Culture Profiles 
were prepared as 
Samples for biosynthetic capacity detennination were collected from the 
same bioreactor runs as those used in the monitoring of the adenylate pool 
of korientalis, therefore basic culture profiles are the same as those 
described in Chapter Eight, however, where necessary these profiles will 
be reproduced in this chapter to facilitate discussion of results. 
As was demonstrated in Chapter Eight, vancomycin production was 
observed in the oxygen sufficient bioreactor but was not detected in the 
oxygen limited bioreactor. In addition the maximum biomass concentration 
of the oxygen sufficient culture reached approximately 4.5gl-1, over 300% 
of that produced in the oxygen limited culture which produced a maximum 
biomass concentration of less than 1.5gl-1 (Figure 9.1). 
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Figure 9.1: Growth of A. orientalis in Carbon Limited Medium Under Oxygen 
Sufficient and Oxygen Limited Conditions. 
An increase in vancomycin concentration was detected after approximately 
25 hours in the oxygen sufficient culture, but was not detected throughout 
the oxygen limited culture (Figure 9.2). Vancomycin concentration reached 
a maximum of around 20mgl-1 in the oxygen sufficient culture. 
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Figure 9.2: Production of Vancomycin and Glucose Utilisation by A. orientalis 
Grown in Carbon Limited Medium Under Oxygen Sufficient Conditions. 
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Initiation of vancomycin biosynthesis by korientalis was observed at 
approximately the same time as the depletion of glucose from the medium 
and presumably the introduction of carbon limited conditions (Figure 9.2). 
9.4.3 Vancomycin Biosynthetic Capacity Profiles 
There was a great deal of similarity observed between the vancomycin 
biosynthetic capacity (VBC) profiles of the oxygen Emiited and oxygen 
sufficient cultures (Figure 9.3). 
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Figure 9.3: Changes in Vancomycin Biosynthetic Capacity (VBC) During 
Growth of A. orientalis in Carbon Limited Medium Under Oxygen Sufficient and 
Oxygen Limited Conditions. 
VBC of the oxygen sufficient culture was observed to increase from 
approximately 15 hours, till approximately 40 hours, after which it 
remained relatively stable throughout the culture (Figure 9.3). The initial 
decrease in VBC observed between 0 and 15 hours was presumably the 
result of inoculum effects whereby enzymes involved in the biosynthesis of 
vancomycin were operating at an elevated level during the latter stages of 
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the growth of the inoculum. This observation was also noted in the oxygen 
limited culture, not surprisingly perhaps, as the same inoculum was used 
for both cultures. The VBC profile for the oxygen limited culture was, 
qualitatively, very similar to that of the oxygen sufficient culture (Figure 
9.3). VBC of the oxygen limited culture was also observed to increase 
from approximately 15 hours until around 30 hours, after which it remained 
reasonably constant throughout the culture (Figure 9.3). The VBC of the 
oxygen limited culture was observed to reach its maximum level at around 
the time of the culture's entry into stationary phase (Figure 9.1), which 
coincided with the minimum DOT of the culture, at approximately 30 
hours (Figure 9.4). Sanchez and Brana (1996) observed the maximum 
biosynthetic capacity of clavulanic acid and cephamycin C production by 
Streptomyces clavuligerus at around the time of the onset of stationary 
phase. 
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Despite similarities in the VBC profiles of the two cultures, it is important 
to remember, that, under the oxygen limited conditions present in the actual 
bioreactor vessel, no vancomycin production was detected throughout 
culture. Only under the oxygen sufficient environment of the VBC assay 
was vancomycin biosynthesis observed. 
The VBC of the oxygen sufficient culture was observed to increase 
throughout the growth phase of the culture, reaching its maximum level at 
around 40 hours (Figure 9.5). Sanchez and Brana (1996) observed similar 
kinetics in the activation of the cephamycin C and clavulanic acid 
biosynthetic pathways of Streptomyces clavuligerus. They observed that 
maximum activity of both pathways occurred just prior to the cultures entry 
into stationary phase. 
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Conditions. 
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The maximum activity of the vancomycin biosynthetic pathway was 
observed to coincide with the depletion of glucose from the culture 
medium and hence the introduction of carbon limited conditions (Figure 
9.6). 
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Utilisation by A. ofientalis Grown in Carbon Limited Medium Under Oxygen 
Sufficient Conditions. 
It was also observed that the peak in vancomycin biosynthetic activity was 
detected prior to the majority of the accumulation of actual vancomycin in 
the culture (Figure 9.7). The peak in activity being observed at 
approximately 40 hours, around the time of the rapid increase in 
vancomycin concentration in the culture. Similar observations were made 
by Sanchez and Brana (1996), who demonstrated that the biosynthetic 
capacity of the clavulanic acid and cephamycin C pathways peaked at 
approximately the same time as the commencement of the rapid rise in the 
culture concentration of these two secondary metabolites. 
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9.5 Conclusions and Discussions 
From the data presented here it is evident that oxygen limitation has a 
significant and detrimental effect upon the functioning of the vancomycin 
biosynthetic pathway. It appears that oxygen limitation is acting upon and 
impeding the action of the vancomycin biosynthetic pathway in 
A. orientalis. 
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Despite the gross differences in the vancomycin productivity of the two 
bioreactor cultures i. e. production in oxygen sufficient conditions and no 
production in oxygen limited conditions, the vancomycin biosynthetic 
capacities of the two cultures were relatively similar (Figure 9.8). The 
VBC of the oxygen limited culture is lower than that of the oxygen 
sufficient culture throughout, however, this may be as a result of the 
oxygen limited conditions reducing the pool of available primary 
metabolites. It could be speculated that this would lead to a form of lag 
phase whereby primary metabolism would need to be fully reinstated in the 
early stages of the VBC assay prior to the biosynthesis of vancomycin, this 
would in turn lead to a lower productivity of vancomycin during the assay 
time. 
It would appear from this data that oxygen limitation is controlling the 
production of vancomycin by acting on the actual vancomycin biosynthetic 
pathway. The exact nature of the mechanism of this effect cannot be 
accurately determined. One possibility is that the enzymes involved in the 
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pathway require oxygen for their functioning or that stages in the pathway 
may require molecular oxygen for their completion, both these factors may 
be compromised by a limiting supply of oxygen. Another alternative briefly 
outlined in the previous paragraph is that oxygen Em-litation could interrupt 
the supply of primary metabolic intermediates necessary to supply the 
secondary metabolic pathways of korientalis. However, one can also 
speculate that it is perhaps being caused indirectly, by the action of oxygen 
limitation on the gross physiological functioning of the organism. For 
example it has already been demonstrated that oxygen limitation can have 
an enormous impact upon the protein synthesis rate (Chapter 7) and 
adenylate pool (Chapter 8) of korientalis. It can be speculated that the 
impact of oxygen limitation upon these parameters has rendered the 
organism incapable of completion of the biosynthetic steps involved in the 
production of vancomycin. 
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It is evident that the AEC of the oxygen sufficient culture is significantly 
higher than that of the oxygen limited culture (Figure 9.9). In essence the 
oxygen sufficient culture has more available energy to invest in active 
processes such as protein synthesis and metabolite biosynthesis, whereas 
the oxygen limited culture has very little spare resource, with the AEC of 
the culture barely reaching 0.4. This level of depletion is characteristic of 
severely stressed cells and it can be postulated that the oxygen limited 
culture is growing minimally above the level of cellular maintenance 
energy and at the expense of prolonged survival. Considering that the 
vancomycin biosynthetic capacities of the two cultures are very similar it 
can be postulated that the inability of the oxygen limited culture to produce 
vancomycin may in some way be involved with its limited intracellular 
energy supply. Active steps in the biosynthesis of vancomycin may not be 
carried out due to the intracellular limitation of adenosine nucleotides, this 
may prevent completion of the pathway and hence the accumulation of 
intermediates and precursors. This energetic shortfall may also impinge, 
prior to commencement of the vancomycin biosynthetic pathway, with 
primary metabolic steps being unable to be completed. The conditions 
present in the VBC assay, Le an oxygen rich environment, would perhaps 
allow elevated levels of adenosine nucleotides compared to that 
experienced in the bioreactor, this would allow completion of pathways 
and would also allow the formation of any necessary intermediates or 
precursors. This is only speculation, however, from the VBC data 
presented it would appear that the conditions of the VBC assay are 
allowing the operation of the vancomycin biosynthetic pathway and hence 
it can be postulated that the oxygen limited conditions prevailing in the 
bioreactor are in some way preventing this. 
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The lack of vancomycin biosynthesis in the oxygen limited culture is 
associated with a very flat, non-dynamic intracellular ATP concentration 
profile (Figure 9.10). The opposite is true of the oxygen sufficient culture, 
where vancomycin biosynthesis is associated with elevated and increasing 
intracellular ATP concentrations (Figure 9.10). 
It would appear from the very similar VBC profiles observed for the two 
cultures, that the very different intracellular ATP concentration profiles 
may be involved in stimulating or repressing the biosynthesis of 
vancomycin by A-orientalis. As mentioned previously, if intracellular 
energy reserves are limited, as the AEC and ATP profiles for the oxygen 
limited culture would suggest, then the organism is unable to commit to 
any but the most pressing of cellular activities. 
Many secondary metabolites have been observed to have their biosynthesis 
affected by the concentration of dissolved oxygen in the culture broth, and 
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several of these studies have implicated the activities of specific pathway 
enzymes in the ability or lack of ability to synthesise the particular 
metabolite of interest. Increased production of gramicidin S associated 
with an increase in gramicidin S synthetase activity has been observed 
under low DOT levels in Bacillus brevis cultures (Vandamme et al., 198 1; 
Agathos & Demain, 1986). Changes in pathway activity and also 
metabolite pattern have also been observed, though primarily under 
conditions of elevated aeration, though the potential of dissolved oxygen 
tension to affect pathway activity remains the same. Streptomyces 
clavuligerus produces four P-lactam compounds, two cephalosporins, 
penicillin N and clavulanic acid. During growth of the organism in complex 
media, control of dissolved oxygen at 50% and 10% saturation increased 
the rate of specific cephamycin C production two- and threefold compared 
to experiments without dissolved oxygen control (Rollins et al., 1988). In 
a later study (Rollins et al., 1990) it was demonstrated that the specific 
activities of two enzymes involved in the antibiotic biosynthetic pathway, 
deacetoxycephalosporin C synthase (DAOCS) and isopenicillin N synthase 
(IPNS) were found to increase when the dissolved oxygen was controlled 
at 100% saturation throughout the fermentations. Reduced oxygen levels 
suppressed both total antibiotic yields and the fraction of cephamycin C, as 
would be expected if oxygen regulates the activity of both IPNS and 
DAOCS enzymes. Kaiser et al., (1994) demonstrated that elevated DOT 
was able to exert an influence on the production of manumycin by 
Streptomyces parvulus. DOT influenced productivity and selectivity of 
secondary metabolism, acting as a device for shifting the product pattern 
both qualitatively and quantitatively. Maximum manumycin concentration 
was observed at 135mbar, at elevated oxygen concentrations 3 additional 
metabolites were detected which were not observed at 'normal' dissolved 
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oxygen concentrations. These new metabolites were shown to originate 
from the biosynthetic pathways leading to the biosynthesis of manumycin, 
and represented three of the four building blocks of the manumycin 
molecule. It would appear that the influence of dissolved oxygen on both 
the production and pattern of production of secondary metabolites is not a 
new one. Indeed it would appear that there are a number of cited incidents 
where specific enzymes or enzyme systems are directly implicated as being 
affected by changes in the oxygen status of a culture. 
In summary it appears that oxygen limitation is acting to repress the 
activity and functioning of the vancomycin biosynthetic pathway in 
Amycolatopsis orientalis. Recovery of vancomycin biosynthesis in the 
vancomycin biosynthetic capacity assay would suggest that this effect is 
being brought about by disruption of the pathway, which is duly recovered 
in the assay environment, and that the key enzyme systems are indeed in 
place for the biosynthesis of vancomycin. If vancomycin productivity had 
not been detected in the vancomycin biosynthetic capacity assay, an 
alternative explanation would have been that oxygen limitation was in 
some way affecting the synthesis of biosynthetic enzymes. This 
transcriptional or translational control was suggested by Yegneswaran et 
al., (1991) as a possible explanation for the effect of dissolved oxygen 
concentration on the activity of IPNS and DAOCS, with reduced aeration 
resulting in lower expression of these key biosynthetic enzymes. This 
discussion was purely speculative since no enzyme activities were actually 
measured and the changes in antibiotic concentrations, could here, have 
also been explained by changes in metabolic flux through the critical 
pathways. Yegneswaran et al., (1991) were unable to offer any possible 
mechanism by which oxygen levels regulated the promoters of the 
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cephamycin C biosynthetic enzymes. Wakabayashi et al., (1986) described 
a bacterial protein from Vitreoscilla that combines with molecular oxygen 
and has an amino acid sequence with features and characteristics of the 
globins, furthermore expression and regulation of the protein was oxygen 
mediated. No such effects can be detected for the promotion of expression 
of enzymes involved in secondary metabolite biosynthesis. However, the 
work involving Vitreoscilla, has also brought about some interesting 
observations regarding the effect of oxygen limitation on biosynthetic 
pathway operation. Magnolo et al., (1991) described the expression of 
Vitreoscilla haemoglobin V. Hb in Streptomyces coelicolor. In batch 
cultures run under reduced aeration, expression of V. Hb resulted in a ten- 
fold increase in specific yields of actinorhodin, with yields also being less 
sensitive to aeration conditions in the V. Hb expressing strain. In V. Hb 
expressing S. lividans, cells grown under reduced aeration demonstrated 
higher biomass yields and exhibited greater oxygen consumption rates than 
non-expressing cells. In the case of S. coelicolor it was postulated that 
V. Hb may be acting at an oxygen requiring rate limiting step of the 
actinorhodin biosynthetic pathway. It was further suggested by Magnolo et 
al., (1991) that V. Hb enhanced the oxidation of dihydrokalafungin, a 
proposed intermediate reaction in the biosynthesis of actinorhodin (Cole et 
al., 1987), and one that had been implicated in limiting biosynthesis under 
conditions of reduced aeration. 
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Concluding Remarks 
9 Oxygen limitation in liquid culture can be achieved technically, however 
it differs from medium constituent limitation in that complete oxygen 
exhaustion does not occur in atmospheric batch culture. 
9 The procedure for quantifying dissolved oxygen tension in small scale 
vessels was developed and used for the physiological studies reported in 
this Thesis and a collaborative study (see Bushell, M. E., Dunstan, G. H. 
and Wilson, G. C. (1997). Effect of small scale culture vessel type on 
hyphal fragment size and erythromycin production in 
Saccharopolyspora erythraea. Biotechnology Letters, 19,849-852. 
Attached). 
e In the test strains, antibiotic production depended on the identity of the 
growth rate limiting nutrient. Growth rate down-regulation, resulting 
from cultures being limited by all nutrients examined, appeared to 
stimulate erythromycin production whereas vancomycin production did 
not take place under carbon or oxygen limitation. Oxygen limitation was 
demonstrated to eclipse the stimulatory effect of medium constituent 
limitations and inhibited the biosynthesis of vancomycin in previously 
productive medium. This has serious implications for natural product 
screens where the oxygen status of cultures is unknown. 
9 Increased chemical diversity was observed in a natural products screen 
when media were specifically formulated to provide an array of nutrient 
limitations, without additional oxygen limitation. 
*I was successful in developing a high-biomass complex medium which 
supported greatly enhanced bioproduct diversity in the absence of 
oxygen limitation. 
Deliberate oxygen limitation has a place in natural product screens. 
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*Nutrient limitation was demonstrated to down-regulate the protein 
synthesis rate of Amycolatopsis orientalis under oxygen sufficient 
conditions, this event was coincident with the onset of vancomycin 
production. Oxygen limitation down-regulated protein synthesis rate in a 
similar fashion, but this down-regulation did not result in the subsequent 
biosynthesis of vancomycin. 
9 Significant decreases were observed in the intracellular concentration of 
ADP and ATP of the oxygen sufficient culture, at approximately the 
same time as korientalis began to produce vancomycin. Down 
regulation of the derived value of adenylate energy charge (AEC) was 
also observed during this time. No significant decrease was observed in 
any of these parameters during growth of the non-vancomycin-producing 
oxygen limited culture. 
* Measurement of the vancomycin biosynthetic capacities of the two 
korientalis cultures, indicated that abolition of vancomycin production 
under oxygen limitation was probably due to an insufficiency in 
biosynthetic precursor availability and disruption of the actual 
biosynthetic pathway, rather than lack of induction of the biosynthetic 
genes. 
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Appendix I 
Validation of the Vancomycin Biosvnthetic Cavacitv Assav 
The method used in determining the vancomycin biosynthetic capacity 
(Chapter 9) was a modification of the method developed by Sanchez and 
Brana (1996). In their publication, approximately I mg dry weight of cells 
of Streptomyces clavuligerus were concentrated by filtering through a 
polysulphone membrane, washed, re-suspended in fresh medium and 
protein synthesis of the cells arrested by the addition of 100ggml-1 of 
chloramphenicol. This assay had the drawback that the cells had spent a 
considerable amount of time removed from the bioreactor environment, 
being filtered and washed, before the protein synthesis of the organism was 
arrested. This was overcome by adding the chloramphenicol to the 
Amycolatopsis orientalis broth immediately upon removal from the 
bioreactor. In addition to this the mixture was vortexed thoroughly for two 
minutes to ensure adequate mixing of the chloramphenicol. 
To ensure that the chloramphenicol addition was arresting protein synthesis 
of the A. orientalis broth, this adapted method was tested employing a 
range of concentrations of chloramphenicol from 0 to 20ORgml-'. An 
exponential phase, approximately 36 hours old, culture of A. orientalis was 
taken and 25ml aliquots of this culture passed through the standard assay 
described in Materials & Methods (Chapter 2). A range of 
chloramphenicol additions resulting in final concentrations of between 0 
and 200ýtgml-' of chloramphenicol were added to triplicate aliquots of 
culture. Following vortexing with the appropriate concentration of 
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chloramphenicol solution, the 25ml aliquots were assayed to determine 
their protein synthesis rate to determine the effect of the chloramphenicol 
addition. Protein synthesis rates of the cultures were determined by 
measuring the rate of incorporation of radiolabelled (H 3) leucine, using the 
assay previously employed in this study (Chapter 2: Materials and 
Methods). This was carried out with triplicate samples and the mean 
protein synthesis rates calculated. 
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Figure ALI: The Effect of Various Concentrations of Chloramphenicol on the 
Protein Synthesis Rate of Amycolatopsis orientalis. 
A protein synthesis rate of approximately 5x 
10-8 mmol leu/min/g of 
biomass was observed in the culture to which no chloramphenicol had 
been added (Figure Al. 1). This value had been reduced by about 80% by 
the addition of lOggml-1 of chloramphenicol, and to about 90% of its 
original value by the addition of 30ýtgrnl-' of chloramphenicol. Protein 
synthesis rate had reached non-detectable levels following the addition of 
50ýtgnll-l of chloramphenicol, with this level being maintained on the 
addition of greater concentrations of antibiotic (Figure Al. 1). 
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From this brief study it was decided to employ the addition of 50ýtgrnl-' of 
chloramphenicol to arrest the protein synthesis rate of korientalis, as 
opposed to the 100ýtgrnl-l used by Sanchez and Brana (1996). 
In addition for the necessity to determine that a suitable concentration of 
chloramphenicol was able to arrest the protein synthesis of korientalis, it 
was also necessary to demonstrate that a washing regime of the collected 
cells was able to remove any in situ vancomycin or any unbound 
chloramphenicol from the solution. 
A 48 hour culture of A. orientalis was taken, and divided into three 25ml 
aliquots, to which were added 50ggml-l of chloramphenicol. The aliquots 
were then centrifuged for 2 minutes and 200gl samples removed from each 
aliquot for future bioassay. The cells were then washed and re-suspended 
four times in fresh carbon limited medium with 200gI samples being 
removed from each replicate after each wash. These samples were then 
bioassayed against the challenge organism Arthrobacter citreus, as 
described in Chapter 2: Materials and Methods. 
Standard solutions of chloramphenicol and vancomycin had been 
demonstrated to give measurable zones at concentrations below O. lmgl-1 
with this organism. However as demonstrated in Figure A1.2, bioactivity 
had reached non-detectable levels following the second of the four washes. 
Zone diameters plotted are the mean of the triplicate samples, however, 
none of the second wash samples or any subsequent wash samples 
displayed any detectable bioactivity. It was decided to use three washes in 
the assay to ensure any residue chloramphenicol had been removed from 
the cell mass. 
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Figure A1.2: Bioactivity of Cell Washes Following Addition of ChloramPhenicol 
to Aliquots, of korientalis. 
At this stage in the assay development, a suitable concentration of 
chloramphenicol to arrest protein synthesis of korientalis had been 
discovered, and it had also been demonstrated that three washes of the 
cells after the addition of chloramphenicol would rid the cell mass of any 
detectable chloramphenicol residue or any in situ vancomycin present. 
It also had to be demonstrated that the accretion of vancomycin in the 
actual vancomycin biosynthetic assay was linear, and that sample time 
would therefore not prejudice the results observed. 
The accumulation of vancomycin during the VBC assay was assessed 
using a 48 hour culture grown under oxygen sufficient conditions in carbon 
limited medium. Three aliquots of this culture were assayed using the 
vancomycin biosynthetic capacity assay described in Chapter 2: Materials 
and Methods, samples were sacrificed at I hour intervals over a period of 
12 hours and assayed for vancomycin accumulation using the bioassay 
method previously described (Figure Al. 3). 
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Figure A1.3: Accumulation of Vancomycin with Time During the Vancomycin 
Biosynthetic Capacity (VBC) Experiment. 
Vancomycin accumulation was observed to be relatively linear over the 
first 8 hours of the assay, after which, it initially ceased increasing and then 
began to gradually decrease. From the experimental data, and the excellent 
reproducibility of the triplicate samples, it was decided that samples would 
be assayed after 8 hours incubation, as this allowed accumulation of the 
maximum amount of vancomycin and hence the sensitivity of the assay 
would be enhanced. 
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Appendi'*x Two 
The Novel Red Pigment Produced by 
Saccharopolyspora erythraea 
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Appendix 11 
The Novel Red Pigment Produced by Saccharopolyspora 
e? ythraea. 
The following is an outline summary of a memo received from T. Paulus, J. 
DeWitt and J. McAlpine; Abbott Laboratories, N. Chicago, as a personal 
communication regarding observations they had made with respect to the 
biosynthesis of red pigments by S. erythraea. 
1. There is probably a family of red pigments from S. erythraea; since 
as many as 8 different red spots have been observed on silica TLC. 
2. Age of the culture influences the number and nature of red pigment 
i. e. older cultures appear to have more spots and the colour seems 
somewhat browner. It is conceivable that some of these pigments are 
chemical degradation products. Exposure to high pH (>10) appears to 
degrade the red to a brownish pigment that is no longer extractable in 
organic solvent. 
3. Culture did not turn red until removed from shaker and allowed to 
stand on the benchtop, then turned red from the top of the sample down. 
Shaking the culture appeared to make the pigment disappear but it would 
reappear once the shaking stopped. 
4. Colour formation did not require the presence of cells, but did 
require air, i. e. supernatants also formed red colour on standIng but not 
if 
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flushed with nitrogen. Without cells, the colour fonnation was not 
reversible 
Clearly some complicated redox chemistry was occurring. Isolation of the 
pigment was attempted using silica gel column chromatography but Abbott 
were only successful in isolating a single relatively clean fraction. 
The structure elucidated by NMR appears to be a quinone, possibly a 
dimer. It was not known whether this structure was representative of all 
red pigment or just a solitary isolate from the column fraction. The 
molecule has a high extinction coefficient at around 480nm and an even 
higher one between 260 and 280nm. 
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Thesis Su 
This study was motivated by the observation that strains, when tested by 
pharmaceutical companies for their abilities to produce novel 
bioproducts, are invariably grown in high biomass, oxygen-limited 
cultures. Chapter 1, the Introduction, reviews the regulation of bioproduct 
synthesis, particularly the role of nutrient limitation, including oxygen, as 
an effector of biosynthesis. Chapter 2 describes the materials and 
methods employed in this study. 
It was discovered that vancomycin could not be produced in oxygen 
limited culture of Amycolatopsis orientalis (Chapter 3) and so any screen 
for new antibiotic based on oxygen limited shaker culture would be 
incapable of detecting antibiotic regulated in a similar way to 
vancomycin. Further developments of a miniature oxygen electrode 
(Chapter 4) assisted in this investigation. 
Previous work had indicated that many antibiotics are synthesised in 
response to the down-regulation of intracellular protein synthesis rate but 
it was established that down-regulation of protein synthesis rate in 
oxygen limited Aorientalis cultures followed similar dynamics to those 
in oxygen sufficient, vancomycin producing cultures (Chapter 7). So the 
explanation for lack of vancomycin production under oxygen limitation 
did not appear to reside with an effect of protein synthesis rate. This 
study was extended to cover combinations of oxygen and other forms of 
nutrient limitation (Chapter 7), a phenomenon often encountered in 
industrial medium formulations. It was demonstrated that oxygen 
limitation was able to eclipse the effect of the soluble nutrient limitation 
and repress the biosynthesis of vancomycin in a previously productive 
medium. 
The possibility that oxygen limitation had an adverse effect on energy 
available to support biosynthesis was investigated (Chapter 8). It was 
found that adenylate energy charge was affected by oxygen limitation 
but, perhaps, not sufficiently to account for the lack of vancomycin 
biosynthesis. 
Measurement of vancomycin biosynthetic capacity under oxygen limited 
and oxygen sufficient conditions (Chapter 9) was carried out in order to 
determine whether oxygen limitation prevented the production or 
expression of enzymes necessary for vancomycin biosynthesis or 
prevented them from functioning effectively. The findings concurred the 
latter possibility, and it was hypothesised that an insufficiency of 
vancomycin biosynthetic intermediates exists in oxygen limited cultures. 
These findings were related to a model screen for novel bioproducts 
(Chapters 5& 6). It was found that an array of defined nutrient 
limitations was needed to maximise chemical diversity of detected 
bioproducts and that oxygen limitation had a role as part of that array. 
Phosphate limitation produced the greatest diversity. A medium was also 
developed that provided nutrients in a slowly assimilated form, so that 
high biomass concentrations could be obtained without the occurrence of 
oxygen limitation. 
Concludiur Remarks 
* Oxygen limitation in liquid culture can be achieved technically, 
however it differs from medium constituent limitation in that complete 
oxygen exhaustion does not occur in atmospheric batch culture. 
* The procedure for quantifying dissolved oxygen tension in small scale 
vessels was developed and used for the physiological studies reported 
in this Thesis and a collaborative study (see Bushell, M. E., Dunstan, 
G. H. and Wilson, G. C. (1997). Effect of small scale culture vessel type 
on hyphal fragment size and erythromycin production in 
Saccharopolyspora erythraea. Biotechnology Letters, 19,849-852. 
Attached). 
* In the test strains, antibiotic production depended on the identity of the 
growth rate limiting nutrient. Growth rate down-regulation, resulting 
from cultures being limited by all nutrients examined, appeared to 
stimulate erythromycin production whereas vancomycin production 
did not take place under carbon or oxygen limitation. Oxygen limitation 
was demonstrated to eclipse the stimulatory effect of medium 
constituent limitations and inhibited the biosynthesis of vancomycin in 
previously productive medium. This has serious implications for 
natural product screens where the oxygen status of cultures is 
unknown. 
* Increased chemical diversity was observed in a natural products screen 
when media were specifically formulated to provide an array of 
nutrient limitations, without additional oxygen limitation. 
eI was successful in developing a high-biomass complex medium which 
supported greatly enhanced bioproduct diversity in the absence of 
oxygen limitation. 
e Deliberate oxygen limitation has a place in natural product screens. 
* Nutrient limitation was demonstrated to down-regulate the protein 
synthesis rate of Amycolatopsis orientalis under oxygen sufficient 
conditions, this event was coincident with the onset of vancomYcin 
production. Oxygen limitation down-regulated protein synthesis rate in 
a similar fashion, but this down-regulation did not result in the 
subsequent biosynthesis of vancomycin. 
* Significant decreases were observed in the intracellular concentration 
of ADP and ATP of the oxygen sufficient culture, at approximately the 
same time as korientalis began to produce vancomycin. Down 
regulation of the derived value of adenylate energy charge (AEC) was 
also observed during this time. No significant decrease was observed 
in any of these parameters during growth of the non-vancomycin- 
producing oxygen limited culture. 
* Measurement of the vancomycin biosynthetic capacities of the two 
korientalis cultures, indicated that abolition of vancomycin 
production under oxygen limitation was probably due to an 
insufficiency in biosynthetic precursor availability and disruption of 
the actual biosynthetic pathway, rather than lack of induction of the 
biosynthetic genes. 
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Effect of small scale culture vessel 
type on hyphal fragment size 
and erythromycin production in 
Saccharopolyspora erythraea 
M. E. Bushell, G. L. Dunstan and G. C. Wilson 
Microbial Products Laboratory, School of Biological Sciences, University of Surrey, Guildford, Surrey, GU2 5XH 
Erythromycin production dynamics in stirred, baffled shaken and non-baffled shaken flasks was strongly correlated 
with the different distributions of hyphal particle diameters observed. Production only took place when hyphal frag- 
ments with diameters greater than 88 ýLm were observed. Results are consistent with significant hyphal breakage 
rates, even in non-baffled shaken flasks. 
Introduction 
We have reported evidence to support our hypothesis 
that the site of antibiotic production in Saccharopolyspora 
erythraea is located at a fixed point behind each hyphal 
tip and have calculated a critical hyphal fragment diam- 
eter, below which antibiotic production does not take 
place (Martin and Bushell, 1996). Thus, only hyphal 
fragments with a diameter in excess of 88 microns may 
be considered to be productive. Smaller fragments 
appear to grow at the same rate as larger particles but 
are incapable of significant antibiotic production 
(Martin and Bushell, 1996). We have also found that a 
significant hyphal breakage rate occurs in shake flask 
liquid cultures of many Streptomyces species, a phenom- 
enon that accounts for these more fragile species 
producing antibiotics on agar but not in liquid culture 
(Pickup et al., 1993). We obtained evidence that resis- 
tance to hyphal breakage is dependent on the activity 
of a peptidoglycan synthesising enzyme, phospho-N- 
acetylmuramyl pentapeptide translocase, whose activity 
appears to determine hyphal tensile strength (Pickup 
and Bushell, 1995). We have also reported that the 
design of shaker culture vessels can significantly affect 
the ability of cultures to produce secondary metabolites, 
using a novel miniature dissolved oxygen electrode 
design (Clark et al., 1995). 
Shaken flask culture is used routinely for liquid culture 
with various modifications to promote dispersed fila- 
mentous growth in mycelial micro-organisms. The 
morphology of these micro-organisms is of interest 
because productivity correlates with morphology in 
0 1997 Chapman & Hall 
many cases (Treskatis et al., 1997). The physiology of 
flask culture is taken for granted and detailed investi- 
gations of the effects of the agitation regimes in these 
systems are seldom undertaken. 
Here, we report on the effect of three different shaker 
flask systems on mycelial morphology and consequences 
for antibiotic production dynamics and yield. 
Materials and methods 
Strains and culture media 
Saccharopolyspora erythraea NRRL 2338 was used 
throughout. Erythromycin concentrations were deter- 
mined routinely by bioassay using Arthrobacter citreus 
GL1 (Shell Laboratories Culture Collection, Sitting- 
bourne, Kent). The chemically defined nitrogen-limited 
antibiotic production media and strain maintenance 
were as described previously (Martin and Bushell, 1996). 
Production flask culture conditions 
A nutrient broth starter medium (25 ml) was inoculated 
with five 8 mm colonies picked off a plate, and used to 
inoculate preculture 250 ml unbaffled Erlenmeyer flasks 
containing 25 ml of the defined medium. These were 
stirred using triangular cross-section magnetic stirrer 
bars (Camlab MSB DTF50) at 600 r. p. m. for 48 h, at 
30'C. This culture was then used to inoculate experi- 
mental flasks at approximately 5916 (v/v). The experi- 
mental flasks consisted of. W 250 ml unbaffled 
Erlenmeyer flasks and (11) 250 ml baffled Erlenmeyer 
flasks, which were shaken at 250 rpm on a rotary shaker 
and (iii) 250 ml magnetically-stirred Erlenmeyer flasks. 
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Each contained 25ml defined medium. Dissolved 02 
concentration in the flasks was monitored using minia- 
ture polarographic electrodes (Clark et al., 1995). 
Biomass concentration assays 
Biomass samples (10 ml) were collected on pre-dried 
membrane filters (Whatman 0.45 ýLm). Filtrates were 
collected and frozen for further assays (antibiotic, 
glucose, nitrate, and phosphate) and the filter rinsed 
with distilled water (3 X 10 ml) prior to drying in a 
microwave oven (high power, 5 min). Dry weights were 
estimated after cooling and desiccation and culture 
biomass concentration calculated. 
Antibiotic assays 
A bioassay employing A. citreur was performed using 
procedures described. previously (Martin and Bushell, 
1996). Challenge strain seed cultures and assay plates 
were incubated at 30'C. and the diameters of the zones 
of inhibition were recorded after 24 h. Examination of 
a number of samples using h. p. l. c. (Tsuji and Goetz, 
1978) confirmed that the bioassays corresponded to 
erythromycin A. 
Hyphal diameter determinations 
The manual procedure described previously for estima- 
tion of maximum particle diameter (Figure 1) was auto- 
mated using PC Image image analysis software (Foster 
Findlay Associates, Newcastle, NE1 6PA) employing a 
procedure for estimating the diameter of minimum 
circle into which a mycelial fragment could be fitted 
(BLT procedure, S. Nandy, Foster Findlay). Sufficient 
fields were examined to allow 250-300 separate mycelial 
fragments to be photographed. 
M aximum 
diameter 
: 
Hyphal 
fragments 
Figure 1 Rationale used to define the maximum particle 
diameter. 
ReproducibilitY and replication of experiments 
All experimental data were obtained from single 
cultures. Experiments were carried out in triplicate to 
ensure that the trends and relationships observed in the 
culture parameters measured were reproducible. 
Statistical analyses (Fisher-Behrens test) were carried out 
to determine whether differences between both the 
particle size distributions and the antibiotic flasks at 
each time point were significanc. Individual assays were 
replicated four-fold. Experiments were rejecced where a 
Chi squared test indicated significant differences 
between replicates. Where error bars are not shown, they 
were too small to be visible on the figures presented. 
Results and discussion 
Non-baffled shaken flasks 
This system resulted in the most rapid development of 
productive (> 88 micron diameter) particles and also in 
the most sustained survival of these particles (Figures 
2a and 3). Antibiotic production was detected earliest 
in this system (Figure 4). The overall decrease in the 
number of large particles from 80 hours (Figure 2a and 
3) is consistent with hyphal breakage even in this 
comparatively mildly agitated culture system. Although 
assays for leakage of intra-cellular components would be 
required to substantiate this hypothesis, we can think 
of no ocher explanation for this decrease. 
Baffled', shaken flasks 
The population of larger particles developed after 20 h 
incubation but began to decline after 50 h (Figures 2b 
and 3). This was reflected in the antibiotic production 
profile, as none was detected until after 20 h (Figure 3). 
Good correlation was again obtained between onset of 
antibiotic production and the proportion of hyphal 
particles with diameter greater than 88 microns (Figure 
3). The proportion of hyphal particles with diameter 
greater than 88 microns peaked at 50 h, the time when 
significant antibiotic was observed. 
Stirred flasks 
The rate of increase of antibiotic production was the 
slowest of the 3 systems studied (Figure 4) corre- 
sponding to the latest development in of the largest 
particles (Figures 2c and 3). A small initial peak in the 
proportion of large particles (Figure 3) may account for 
earlier detection of antibiotic compared to that observed 
in baffled flasks. 
The comparatively early production of erythromycin 
observed in all three systems is consistent with our 
previous findings (Bushell, et al., 1996) that nitrogen- 
limited batch cultures produce this antibiotic according 
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Figure 2 Scatter plot showing hyphal fragment maximum diameter (see Materials and methods) distribution as a function 
of time in (a) non-baffled, (b) baffled flasks and (c) stirred flasks. 
to apparently growth-associated dynamics due to low 
substrate affinity. 
Comparison of the three systems 
Modifications of shake flasks by the introduction of 
baffles (Freedman, 1970) steel springs (Hopwood et al., 
1985) and other enhancements are frequently necessary 
in order to provide sufficient aeration or to avoid 
pelleting in filamentous micro-organisms. Our findings 
here have demonstrated that these modifications are not 
conducive to attaining the correct morphology for 
antibiotic production, although this does not necessarily 
affect their suitability for scale-up purposes, However, 
scale-up usually involves exponent lally-growl ng (24 h) 
cultures, which, this study indicates, is the period when 
significant differences in morphology are observed. In 
our experiments, the inoculum was prepared in stirred 
flasks and therefore no pellets developed on subsequent 
subculture into the experimental flask systems. This 
was particularly important, since pelleted cultures often 
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Figure 3 Proportion (%) of hyphal fragments having a 
diameter of greater than 88 microns in non-baffled, shaken 
(0); baffled, shaken (A) and stirred (M) flask culture. 
do not produce antibiotics, due to inhibition in 02 
uptake resulting from a restriction in mass-transfer into 
the pellets (Moore and Bushell, 1997) The use of minia- 
ture dissolved 02 electrodes (Clark et al., 1995) 
confirmed that02 limitation did not take place in our 
cultures. 
This work provides the first demonstration that hyphal 
particle size distribution is influenced by the method 
of agitation in flask culture and that this is sufficient 
to affect antibiotic production dynamics. The time- 
dependent decrease in the proportion of particles 
during the later part of the cultures is consistent with 
a surprisingly high hyphal breakage rate under the 
comparatively mild agitation conditions of shaken 
flasks. 
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